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• Summary • 
Apoptosis is a form of programmed cell death which involves genetically determined elimination 
of cells that are no longer needed or potentially dangerous. Apoptotic removal of unwanted cells 
is crucial for animal development and tissue homeostasis. Malfunction of apoptosis can lead to 
cancer as well as various neurodegenerative and immune disorders. The first systematic genetic 
studies to uncover the molecular program promoting cell death were performed in the free-living 
soil nematode Caenorhabditis elegans (C. elegans). The resulting work led to the identification 
of a highly conserved molecular pathway that regulates apoptosis in most animal species, 
including humans (Chapter 1). Despite much work, several aspects of apoptosis regulation are not 
resolved yet. In this dissertation, I was mainly interested in the characterization of additional 
regulatory elements underlining germline apoptosis in C. elegans.  
Germ cell death is a conserved feature of oocyte development in mammals, insects and 
nematodes. In C. elegans hermaphrodites, more than half of the developing oocytes die, in an 
apparent stochastic manner, in the absence of any evident apoptotic stimulus in a process that has 
been called “physiological germ cell death”. How physiological germline apoptosis is controlled 
at the molecular level is currently largely unknown. What makes an apparently healthy germ cell 
become less preferred than the others? Are there any quality control genes which recognize 
unfavorable germ cell conditions? To answer these questions, I have developed two synthetic 
forward screening strategies that employ different apoptotic conditions in somatic tissue and in 
the germ line, and a hypomorphic loss-of-function allele of ced-9, a homolog of mammalian 
BCL-2 (Chapter 3).  
Post-transcriptional control of gene expression defines an additional regulatory mode of germ cell 
death in C. elegans. Several RNA-binding proteins were found to influence germline apoptosis; 
by contrast, potential contribution of microRNAs (miRNAs) is largely unexplored. Through a 
candidate gene approach, I have identified mir-52 as a cell-autonomous enhancer of physiological 
and DNA damage-induced germline apoptosis in C. elegans (Chapter 2). mir-52 is a member of 
the old and highly conserved mir-51 miRNA family, which influences germline apoptosis 
independently of other mir-51 family members, underlining its germline-specific functions. 
mir-52 likely regulates downstream or in parallel to the p53 tumor suppressor homologue cep-1. 
In addition to my work on mir-52, I also identified two other miRNAs, mir-242 and mir-249, 
xii 
perturbations of which affect physiological and DNA damage-induced germline apoptosis in 
C. elegans (Appendix 1). 
Lastly, I was also highly involved in two side projects, which were dealing with the effect of 
natural variation on gene expression (Appendix 2). In the first project, the quantitative proteome 
and transcriptome comparison of the two highly divergent C. elegans wild-type strains, Bristol 
(N2) and Hawaii (CB4856) was performed. The main findings here are: i) protein abundance of 
the two wild-type strains correlates more strongly than the protein abundance vs transcript 
abundance within each wild type; ii) differentially expressed proteins and mRNAs are enriched 
for genes that function in insulin-signaling and stress-response pathways, which might contribute 
to the longevity differences observed between N2 and CB4856. In the second collaborative 
project, the impact of natural genetic variation on signal transduction pathways relevant for 
cancer progression was analyzed using recombinant inbred lines (RILs) of N2 and CB4856. We 
found that selected proteins from four cancer signaling pathways (apoptosis, RAS/MAPK, Notch, 
and Wnt signaling) tend to be upregulated in CB4856 and several RILs relative to N2. 
Additionally, we detected a distant quantitative trait locus (QTL) on the left arm of 
chromosome II that affected protein abundance of the apoptotic cell corpse clearance protein 
PSR-1, and two separate QTLs that influenced developmental apoptosis and DNA 
damage-induced germ cell death on chromosome IV. 
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• Zusammenfassung • 
Apoptose ist eine Form des programmierten Zelltods, die zur aktiven Eliminierung von Zellen, 
welche nicht mehr benötigt werden oder möglicherweise für den Organismus gefährlich sind, 
führt. Die apoptotische Entfernung unerwünschter Zellen ist entscheidend für die 
Tierentwicklung und die Gewebehomöostase. Fehler bei der Apoptose können zu Krebs sowie 
verschiedenen neurodegenerativen und Immunstörungen führen. Erste systematische genetische 
Studien zur Aufdeckung des molekularen Programms zur Förderung des Zelltods wurden im frei 
lebenden Fadenwurm Caenorhabditis elegans (C. elegans) durchgeführt. Die resultierenden 
Arbeiten führten zur Identifizierung eines hochkonservierten apoptotischen Weges (Kapitel 1). 
Dennoch sind verschiedene Aspekte der Apoptose-Regulierung bis heute noch nicht gelöst. In 
dieser Dissertation war ich hauptsächlich an der Charakterisierung zusätzlicher regulatorischer 
Elemente interessiert, welche die Apoptose in der Keimbahn des C. elegans beeinflussen. 
Der Keimzelltod ist ein Merkmal der Oozytenentwicklung bei Säugetieren, Insekten und 
Nematoden. In C. elegans Hermaphroditen, sterben mehr als die Hälfte der sich entwickelnden 
Oozyten auf einer scheinbaren stochastischen Weise, in Abwesenheit eines offensichtlichen 
apoptotischen Stimulus, in einem Prozess, der “physiologischer Keimzelltod” genannt wurde. Die 
molekularen Ursachen der physiologischen Apoptose in der Keimbahn zur Zeit sind noch 
weitgehend unbekannt. Was macht eine scheinbar gesunde Keimzelle weniger bevorzugt als die 
anderen? Gibt es Qualitätskontrollgene, die ungünstige Keimzellzustände erkennen? Um diese 
Fragen zu beantworten, habe ich zwei synthetische Forward-Screening-Strategien entwickelt, die 
unterschiedliche apoptotische Bedingungen in somatischem Gewebe und in der Keimbahn 
anwenden, kombiniert mit einem hypomorphen Funktionsverlust-Allel vom BCL-2 Homolog 
ced-9 (Kapitel 3). 
Die posttranskriptionelle Regulation spielt eine wichtige Rolle in der Regulierung des 
Keimzelltodes in C. elegans. Mehrere RNA-bindende Proteine wurden schon identifiziert, welche 
die Apoptose der Keimbahn beeinflussen. Der potentielle Beitrag von “microRNAs” (miRNAs) 
ist jedoch bis jetzt nur wenig erforscht worden. In einem Kandidatenscreen habe ich mir-52 als 
einen zellautonomen Verstärker der physiologischen und DNA Schaden-induzierten Zelltod in 
der Keimbahn von C. elegans identifiziert (Kapitel 2). mir-52 ist ein Mitglied der alten und 
hochkonservierten mir-51 miRNA Familie, die verschiedene Entwicklungsprozesse reguliert. 
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mir-52 beeinflusst Keimbahnapoptose unabhängig von anderen Mitgliedern der Familie, was 
seine keimzellenspezifischen Funktionen unterzeichnet. mir-52 beeinflusst die Apoptose der 
Keimbahn wahrscheinlich stromabwärts oder parallel zum p53-Tumorsuppressor-Homolog 
cep-1. Ich habe auch zwei zusätzliche miRNAs, mir-242 und mir-249, identifiziert, deren 
Störungen die physiologische und DNA Schaden-induzierten Keimbahn-Apoptose in C. elegans 
beeinflussen (Anhang 1). 
Letzlich, war ich auch stark an zwei Nebenprojekten im Bereich der Auswirkungen von der 
natürlichen genetischen Variation auf die Genexpression ging (Anhang 2). Im ersten Projekt, 
verglichen wir die quantitative Proteome und Transkriptome der zwei stark divergenten 
C. elegans wildtyp Stämme Bristol (N2) und Hawaii (CB4856). Die Hauptergebnisse sind: i) die 
Proteinabundanz der zwei Wildtypstämme korreliert stärker als die Proteinabundanz gegenüber 
der Transkriptabundanz innerhalb jedes Wildtyps; ii) differentiell exprimierte Proteine und 
mRNAs sind angereichert für Gene, die in Insulinsignal- und Stressreaktionswegen 
funktionieren, was zu den Langlebigkeitsunterschieden beitragen könnte, die zwischen N2 und 
CB4856 beobachtet werden. Im zweiten Projekt, haben wir die Auswirkungen der natürlichen 
genetischen Variation auf Signalwege, die zur Krebsprogression beisteuern, mittels 
rekombinanter Inzuchtlinien (RILs) von N2 und CB4856 untersucht. Wir fanden heraus, dass 
ausgewählte Proteine aus vier Krebs-Signalwegen (Apoptose, Ras/MAPK, Notch und Wnt 
Signal) im Vergleich zu N2 tendenziell in CB4856 und verschiedenen RILs hochreguliert 
werden. Zusätzlich fanden wir einen Quantitativen Trait Locus (QTL) am linken Arm des 
Chromosoms II, der die Proteinabundanz des Zell-Kadaver-Beseitigungs-Protein PSR-1 
beeinflusst, und zwei separate QTLs auf Chromosome IV, welche die Entwicklung von Apoptose 
und DNA Schaden-induzierten Keimzelltod beeinflussen. 
 
  
 
 
 
 
 
 
 
• Chapter 1 • 
General Introduction: Apoptosis in C. elegans 
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1.1 Apoptosis - general features  
Apoptosis is a form of programmed cell death which involves genetically determined elimination 
of cells that are no longer needed (Lockshin and Williams, 1964). The process of programmed 
cell death was originally discovered in the mid-nineteenth century (Glucksmann, 1951) and is 
used to maintain cellular homeostasis during animal development, aging or in response to stress. 
Malfunction of apoptosis can lead to cancer, many neurodegenerative and immune disorders. 
Therefore, understanding the regulation of apoptosis is an important step towards treatment 
development for the pathological conditions. 
Apoptotic cells undergo distinct morphological changes including cytoplasm shrinkage, nuclear 
DNA fragmentation, loss of mitochondrial membrane potential, and phosphatidylserine (PS) 
exposure on the surface of dying cell (Kerr et al., 1972; Wyllie, 1980; Fadok et al., 1998). Unlike 
necrotic cell death, which is associated with cells swelling and rapid loss of the membrane 
integrity, apoptosis generally does not provoke inflammation (Wallach et al., 2014). Apoptotic 
cells initially maintain their plasma membrane integrity keeping pro-inflammatory intracellular 
components within dying cells. To prevent secondary necrosis, neighboring cells rapidly ingest 
apoptotic cells before their disintegration (Kurosaka et al., 2003). 
The first systematic genetic studies to uncover the molecular program promoting cell death were 
performed in the free-living soil nematode Caenorhabditis elegans (C. elegans, Horvitz, 2003). 
The resulting work led to the identification of an evolutionary conserved apoptotic pathway. The 
distinctive characteristics of C. elegans biology facilitated these groundbreaking studies. Firstly, 
programmed cell death is not essential for C. elegans viability. Secondly, apoptotic cells can be 
easily observed using differential interference contrast (DIC) microscopy in living organism, due 
to their distinctive retractile “button-like” appearance and transparent body of the worm. Thirdly, 
C. elegans has highly invariant pattern of cell divisions (Sulston and Horvitz, 1977; Sulston et al., 
1983), the complete knowledge of which enabled analysis of the mutants at single cell level 
(Sulston and Horvitz, 1981). Lastly, approximately 60% of C. elegans genes have human 
counterparts (Harris et al., 2004) 
1.2 Somatic cell death during C. elegans development 
In C. elegans, somatic cell death occurs during embryonic and post-embryonic development in 
highly reproducible manner (Sulston and Horvitz, 1977; Sulston et al., 1983). Out of 1’090 
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somatic cells generated during the development of C. elegans hermaphrodite, 131 cells undergo 
programmed cell death. The majority of the 131 cells are removed during embryogenesis 
(Sulston et al., 1983). The rest of the cells die during the larval stage 2 (L2, Sulston and Horvitz, 
1977). This process is referred to developmental apoptosis. In adult worms, somatic cells are 
entirely post-mitotic and thus tolerate high levels of DNA damage without the induction of 
ectopic cell death.  
1.2.1 Core apoptotic machinery in C. elegans 
For majority of the 131 cells, developmental apoptosis is mediated by the core apoptotic 
machinery, which is highly conserved from C. elegans to mammals. It consists of the 
pro-apoptotic BH3-only protein EGL-1, the anti-apoptotic BCL-2 family member protein CED-9, 
the Apaf-1 homolog CED-4, and the caspase CED-3. egl-1 acts upstream of ced-9 to induce 
apoptosis, ced-9 acts upstream of ced-4 to inhibit apoptosis, ced-4 acts upstream of ced-3 to kill 
cells (Shaham and Horvitz, 1996a; Conradt and Horvitz, 1998). 
1.2.1.1 The CED-3 caspase  
CED-3 is a human interleukin-1β (ICE) cysteine-dependent, aspartate-specific protease, which 
triggers intracellular proteolysis cascade cell-autonomously (Yuan and Horvitz, 1990; Yuan et 
al., 1993; Shaham and Horvitz, 1996a; Xue et al., 1996). It was identified in a screen for the 
mutants in which most of the 131 cells failed to die (Ellis and Horvitz, 1986). Animals with 
“undead” cells do not show any obvious morphological or behavioral abnormalities (Ellis and 
Horvitz, 1986). The undead cells frequently adopt cell fates similar to that of the sister cells (Ellis 
and Horvitz, 1986). However, their differentiation is less efficient compared to the wild-type 
counterpart (Ellis and Horvitz, 1986). Overexpression of CED-3 in mammalian cells or in ALM 
neurons of C. elegans triggers ectopic apoptosis (Miura et al., 1993; Shaham and Horvitz, 1996a).  
CED-3 is synthesized as a proenzyme/zymogen (proCED-3) which is auto-proteolyticaly cleaved 
by CED-4 to generate active protease (Xue et al., 1996). Mature CED-3 enzyme contains a large 
subunit of 17 kDa (p17) and a smaller subunit of 15 kDa (p15) or 13 kDa (p13, Xue et al., 1996). 
In transgenic worms containing mutant CED-3 protein, which carry missense mutations in the 
protease domain or has altered cleavage sites of proCED-3, nearly all ALM neurons survive 
(Shaham et al., 1999). Thus, protease activity of CED-3 and processing of proenzyme are 
essential for programmed cell death (Shaham et al., 1999; Xue et al., 1996). However, in ced-3 
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mutants with entirely deleted protease domain, including p17 and p15 domains, few cells undergo 
apoptosis in pharynx, which is completely suppressed in multiple missense loss-of-function (lf) 
mutants of ced-3 (Shaham et al., 1999). This suggests, that some of the developmental cell death 
can still occur in the absence of CED-3 protease activity (Shaham et al., 1999).  
CED-3 expression was identified in nearly all cells of early embryo, and in very few cells of larva 
and adult using the transgene which carried GFP insertion in ced-3 locus (Maurer et al., 2007). 
Recently, CED-3 perinuclear localization was detected broadly in the embryo using CED-3::GFP 
translational reporter (Subasic et al., 2016). Additionally, distinct CED-3 expression pattern was 
observed in the germ line (Subasic et al., 2016, section 3.4). CED-3 was strongly enriched in 
oocytic nuclei, and weak CED-3 perinuclear localization was identified in the rest of the germ 
line. Moreover, extensive post-transcriptional regulation of CED-3 expression in the germ line 
was discovered using the same translational reporter. Similarly, human executioner caspase 
CASP3 is also broadly regulated at the post-transcriptional level (Subasic et al., 2016). 
CED-3 cleaves the substrates preferentially after DEVD sequence (Xue et al., 1996). The 
downstream targets of CED-3 regulate cellular disassembly process and PS exposure on the 
surface of the apoptotic cells. Nuclear DNA fragmentation is a hallmark of apoptosis. CED-3 
initiates nuclear DNA fragmentation via cleavage of DCR-1 ribonuclease (C. elegans Dicer 
homolog) producing C-terminal cleavage product which generates 3’hydroxyl DNA nicks 
(tDCR-1, Nakagawa et al., 2010; Ge et al., 2014). Next, multi-nuclease degradosome complex is 
formed to turn 3’DNA nicks into single-stranded DNA gaps and double-stranded DNA breaks 
(Conradt et al., 2016). Degradosome consists of mitochondrial endonuclease CPS-6, nuclease 
factor CRN-1 and mitochondrial non-nuclease worm apoptosis-inducing factor homolog WAH-1 
(Parrish et al., 2001, 2003; Wang et al., 2002b). Lastly, DNase II homologs NUC-1, CRN-6, and 
CRN-7 mediate further degradation of the fragmented nuclear DNA (Wu et al., 2000; Parrish and 
Xue, 2003; Lai et al., 2009). 
Drastic structural rearrangements are observed in mitochondria during apoptosis. They include 
change in mitochondria size and cristae structure, increase in the outer membrane permeability, 
and mitochondrial fragmentation (Karbowski et al., 2002; Frezza et al., 2006; Goyal et al., 2007). 
These structural changes appear to affect the release of the pro-apoptotic factors which then 
activate the caspase in certain cellular contexts (Frank et al., 2001; Lee et al., 2004b; Frezza et al., 
2006), but not in others (Delivani et al., 2006; Parone et al., 2006; Breckenridge et al., 2008; 
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Estaquier and Arnoult, 2007). In C. elegans, mutation in dynamin GTPase DRP-1 inhibits 
apoptotic mitochondrial fragmentation, which results in accumulation of additional undead cells 
during development (Jagasia et al., 2005). Other study have shown, however, that in the mutants 
with highly fragmented mitochondria neither the activation nor kinetics of apoptosis were 
affected (Breckenridge et al., 2008). Here, weak apoptotic defects were observed only in the 
sensitized backgrounds when dynamin GTPase DRP-1 or a homolog of human FIS-1 fission 
protein FIS-2 was mutated. Additionally, the extensive epistasis analysis suggested that drp-1 and 
fis-2 act downstream of ced-3 independently of each other. Further, the overexpression of drp-1 
did not induce ectopic apoptosis. Finally, it was also shown that CED-3 cleaves DRP-1 in vitro 
which is important for DRP-1 pro-apoptotic functions in vivo, but is not essential for its 
mitochondrial fission function in C. elegans. Thus, authors conclude that mitochondrial fission 
does not activate apoptosis in C. elegans, and the primordial function of DRP-1 is to eliminate 
mitochondria after caspase activation. In mammals, DRP-1 has probably developed additional 
apoptotic functions mediating the release of pro-apoptotic factors for caspase activation 
(Breckenridge et al., 2008). Taken together, CED-3 promotes mitochondrial elimination in 
C. elegans. 
CED-3 also mediates the inactivation of survival factors. CED-3 cleaves CNT-1 generating 
N-terminal phosphoinositide (PI)-binding cleavage product, tCNT-1 (Nakagawa et al., 2014). 
tCNT-1 is then translocated to the plasma membrane and blocks AKT binding to 
phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3), thereby inhibiting its pro-survival activity 
(Nakagawa et al., 2010). It was also shown that CED-3 cleaves CED-9 at two sites near its amino 
terminus, whereas the presence of at least one uncleaved site is important for CED-9 
anti-apoptotic function (Xue and Horvitz, 1997). This suggests that pro-survival CED-9 is 
another CED-3 substrate during the execution phase of apoptosis (Conradt et al., 2016). 
PS externalization is a conserved apoptotic event which serves as “eat me” signal and induces 
engulfment of dying cells (Venegas and Zhou, 2007; Wang et al., 2007; Züllig et al., 2007). 
CED-3 cleaves Xk-family human homolog CED-8, which controls the timing of programmed cell 
death (Stanfield and Horvitz, 2000). The CED-8 cleavage induces PS exposure on the surface of 
the apoptotic cells (Chen et al., 2013). Additionally, WAH-1 binding to phospholipid scramblase 
SCRM-1 activates its lipid scrambling activity which leads to PS externalization (Wang et al., 
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2007). The ectopically exposed PS can also lead to the engulfment of living cells (Darland-
Ransom et al., 2008). 
Recently, non-apoptotic functions of CED-3 were identified. The long-lived isp-1 and nuo-6 
mutants have increased mitochondrial reactive oxygen species (mtROC) production (Yang and 
Hekimi, 2010). It was recently found that ced-3(lf), ced-4(lf), and gain-of-function (gf) of ced-9 
suppress extended lifespan of isp-1 and nuo-6 mutants (Yee et al., 2014). egl-1(lf) on its turn does 
not affect the lifespan of mitochondrial mutants. Thus, apoptotic pathway protects animals from 
mtROC independently of apoptosis (Yee et al., 2014). It was shown that CED-3 and 
microRNA-induced silencing complex (miRISC) redundantly modulate developmental 
transitions in C. elegans downregulating protein levels of LIN-28 at the end of the L2 stage 
(Weaver et al., 2014). CED-3 cleaves LIN-28 in vitro, which generates truncated protein without 
the first 31 amino acids. Additionally, CED-3 together with CED-4 promote the regeneration of 
injured axons independently of CED-9, EGL-1 and another BH3-only domain-containing protein 
CED-13 (Pinan-Lucarre et al., 2012). 
1.2.1.2 The CED-4 Apaf-1 homolog 
CED-4 is homologous to mammalian apoptotic adaptor protein Apaf-1 and has pro-apoptotic 
function (Yuan and Horvitz, 1992; Zou et al., 1997). In ced-4(lf) mutants majority of the 131 
cells survive (Ellis and Horvitz, 1986). ced-4 overexpression is sufficient to induce ectopic 
apoptosis cell-autonomously (Shaham and Horvitz, 1996a). ced-4 acts upstream of ced-3, 
because killing of ALMs in transgenic lines which overexpress ced-4 is strongly inhibited by lf 
mutations of ced-3 (Shaham and Horvitz, 1996a). CED-4 contains an N-terminal CARD domain, 
a nucleotide-binding domain, a helical domain, and a C-terminal winged-helix domain (Yuan and 
Horvitz, 1992; Zou et al., 1997; Qi et al., 2010). CARD domain mediated ologomerization of 
CED-4 results in formation of funnel-shaped octamer/apoptosome, which promotes CED-3 
zymogen dimerization and its subsequent auto-catalytic activation (Qi et al., 2010; Huang et al., 
2013). Proteolytically cleaved CED-3 dimers associate in pairs to form active tetrameric protease 
(Huang et al., 2013). 
CED-4 polyclonal antibody staining detected the protein associated with mitochondria in almost 
all cells of the early embryo but not in larvae (Chen et al., 2000). However, CED-4 staining with 
different antibodies detects the protein in the perinuclear space in the embryo and germ line 
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(Pourkarimi et al., 2012). In agreement with CED-4 perinuclear localization pattern, 
downregulation of the nuclear inner membrane protein SUN-1 inhibits CED-4 accumulation at 
the nuclear periphery (Tzur et al., 2006). In the current model, CED-4 translocates to the 
perinuclear space and activates CED-3 upon induction of apoptosis. The fact that CED-4 was 
identified in all embryonic and germ cells at the nuclear periphery independently of apoptosis 
points towards the existence of the additional unknown mechanisms which regulate CED-4 
shuttle from mitochondria to the perinuclear space.  
ced-4 is alternatively spliced generating two different isoforms which have opposite functions in 
apoptosis (Shaham and Horvitz, 1996b). CED-4S isoform is smaller and has pro-apoptotic 
function. CED-4L isoform has 24 amino acids insertion between two nucleotide-binding sites and 
show anti-apoptotic functions (Shaham and Horvitz, 1996b). CED-4L prevents CED-4 octamer 
formation, which is required for CED-3 activation (Yan et al., 2005; Qi et al., 2010). In 
ced-4(n2273) mutant, which lacks ced-4S-specific splice-acceptor site, pro- and anti-apoptotic 
functions are compromised (Shaham and Horvitz, 1996b). The homolog of serine-arginine-rich 
(SR) protein kinase SPK-1 promotes splicing of CED-4L and therefore inhibits apoptosis in weak 
lf mutants of ced-4 (Galvin et al., 2011). Northern blot analysis demonstrated that ced-4L 
transcript is expressed ten times lower than ced-4S transcript in whole animal (Shaham and 
Horvitz, 1996b). However, the isoform-specific expression pattern has not been determined yet.  
Under certain circumstances, CED-4 may operate independently of CED-3. C. elegans ICD-1 
protein, which is similar to human beta-subunit of the nascent polypeptide-associated complex 
(betaNAC), was implicated in apoptosis (Bloss et al., 2003). During early embryogenesis, loss of 
ICD-1 induces ectopic cell death, which occurs independently of CED-3, but requires CED-4 
(Bloss et al., 2003). ICD-1 contains caspase-cleavage site and caspase recruitment domain, which 
suggests that anti-apoptotic function of ICD-1 is suppressed by caspases other than CED-3 (Bloss 
et al., 2003). Additionally, ectopic apoptosis in pvl-5 mutants is suppressed by ced-3(lf) and 
ced-9(gf) mutations, but is independent of ced-4 (Joshi and Eisenmann, 2004). The molecular 
identity of pvl-5 is not known yet (Joshi and Eisenmann, 2004). 
1.2.1.3 The CED-9 BCL-2 homolog 
CED-9 encodes a homolog of mammalian proto-oncogene BCL-2 and acts cell-autonomously to 
inhibit apoptosis (Hengartner et al., 1992; Hengartner and Horvitz, 1994a, 1994b; Shaham and 
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Horvitz, 1996a). CED-9 was originally identified via dominant gf allele n1950, which blocks 
apoptosis in the majority of the cells programmed to die (Hengartner et al., 1992). n1950 allele 
harbors G169E mutation which results in constitutive overactive gene product (Hengartner and 
Horvitz, 1994b; Tan et al., 2007). CED-9 physically interacts with CED-4 in vitro forming 1:2 
CED-9/CED-4 protein complex (Chinnaiyan et al., 1997; Spector et al., 1997; Wu et al., 1997; 
Yan et al., 2005). Following apoptotic stimuli, CED-9 protein undergoes conformational change 
which results in CED-4 asymmetric dimer dissociation (Yan et al., 2005), apoptosome formation 
and subsequent activation of CED-3 caspase (Qi et al., 2010; Huang et al., 2013). 
CED-9 protein consists of seven α-helices which constitute four BCL-2 homology regions (BH1 
to BH4, Woo et al., 2003). The BH1 domain includes helices α4 and α5; BH2 domain includes 
helices α6 and α7. α2 helix forms BH3 domain, and α1 helix forms BH4 domain. Like other 
BCL-2 family members, CED-9 also contains the C-terminal transmembrane (TM) domain, 
which is required for protein localization to mitochondria. Indeed, GFP-CED-9 fusion protein, 
which lacks TM domain or is tagged to endoplasmatic reticulum, fails to localize at mitochondria 
outer membrane, but is able to prevent embryonic lethality of ced-9(lf) mutants (Tan et al., 2007). 
Thus, CED-9 mitochondrial localization is not essential for its anti-apoptotic functions. During 
apoptosis BCl-2 family members permeabilize the outer mitochondrial membrane by forming 
pores to release pro-apoptotic factors into the cytoplasm (Basañez et al., 2002). It was recently 
shown that CED-9 associates with lipid membranes in vitro independently of TM domain, which 
changes membrane permeability for lipid vesicles encapsulated with dyes (Tan et al., 2011). 
However, little is known whether this pore formation is also required for CED-9 anti-apoptotic 
functions in vivo. 
In the screen for the cis-dominant suppressors of ced-9(n1950gf), several ced-9 lf alleles were 
isolated (Hengartner et al., 1992). n2161 is weak ced-9 lf allele that results in embryonic lethality 
mainly due to the excessive cell death. n1653 is temperature-sensitive lf allele that induces 
excessive apoptosis at 25 ˚C. n2077 is strong lf allele with premature STOP codon which causes 
very early embryonic arrest without any evidence for ectopic apoptosis. Such phenotypic 
heterogeneity in ced-9 lf alleles might be attributed to the additional non-apoptotic function of 
CED-9 during animal development (Hengartner et al., 1992). Indeed, the absence of CED-9 
results in maternal effect sterility (Hengartner et al., 1992). And, twice as many cells survive in 
ced-9(n1950gf) heterozygotes, mothers of which carried at least one copy of n1950 allele 
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(Hengartner et al., 1992). Additionally, CED-9 direct binding protein SPD-5, a centrosome 
maturation and mitotic spindle assembly factor, is also required for early embryonic development 
(Dreze et al., 2009). 
CED-9 is localized to mitochondria and is expressed in all cells during embryogenesis (Chen et 
al., 2000; Pourkarimi et al., 2012). Although CED-9 expression was not detected in larvae, 
several studies suggest that it also acts post-embryonically. Indeed, loss of ced-9 facilitates 
ectopic apoptosis of ALM neurons caused by ced-3 overexpression (Shaham and Horvitz, 
1996a). 
ced-9 is derived from polycistronic transcript which also contains cyt-1/mev-1 coding sequences 
(Hengartner and Horvitz, 1994a; Ishii et al., 1998). mev-1(kn1) mutant have increased superoxide 
production and disrupted mitochondrial membrane potential (Senoo-Matsuda et al., 2001, 2003). 
Interestingly, mev-1(kn1) animals also show increased levels of apoptosis in the germ line and 
embryos under oxidative stress (Senoo-Matsuda et al., 2003; Du et al., 2015). Moreover, 
mev-1(RNAi) causes early embryonic lethality (Gönczy et al., 2000). Although functions of ced-9 
and mev-1 are genetically separable (Hengartner and Horvitz, 1994a; Ishii et al., 1998), strong lf 
mutations of ced-9 might compromise mev-1 expression possibly through the nonsense mediated 
mRNA decay. 
The genetic analysis suggests that CED-9 might also have minor pro-apoptotic functions 
(Hengartner and Horvitz, 1994b). In ced-9(n1950gf) heterozygotes balanced with wild-type copy 
of ced-9, fewer cells survive compared to animals balanced with the deletion of ced-9 locus. 
Thus, wild-type copy of ced-9 promotes programmed cell death by antagonizing overactive 
n1950 copy of ced-9 (Hengartner and Horvitz, 1994b). Furthermore, double mutants of ced-9(lf) 
and weak lf alleles of ced-3 had more surviving cells compared to weak ced-3(lf) mutant alone 
(Hengartner and Horvitz, 1994b). It was also suggested that CED-9 killing function is activated 
upon its binding to EGL-1 which induces DRP-1-mediated mitochondrial fragmentation (Jagasia 
et al., 2005). Taken together, the pro-apoptotic form of CED-9 might help to kill cells that are 
programmed to die (Hengartner and Horvitz, 1994b; Jagasia et al., 2005). 
1.2.1.4 The BH3-only protein EGL-1 
EGL-1 encodes a small protein of 91 amino acids similar to BH3-only subfamily of BCL-2 
family proteins (Conradt and Horvitz, 1998). EGL-1 is a key activator of apoptosis in somatic 
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tissues. It was originally defined by gf mutations in the screen for egg-laying defective (“Egl”) 
animals (Trent et al., 1983; Desai and Horvitz, 1989). egl-1(gf) mutations cause ectopic apoptosis 
of hermaphrodite-specific neurons (HSN) required for proper egg laying (Ellis and Horvitz, 1986; 
Trent et al., 1983; Desai and Horvitz, 1989). The inappropriate cell death of HSNs is suppressed 
by ced-3(lf), ced-4(lf) and ced-9(gf) mutations (Ellis and Horvitz, 1986; Hengartner et al., 1992). 
A small stretch of nine amino acids represents the BH3 domain in EGL-1 coding sequence 
(Conradt and Horvitz, 1998). EGL-1 binding to CED-9 via BH3 domain at mitochondria induces 
conformational change of CED-9 and activates apoptosis (Parrish et al., 2000; Yan et al., 2004, 
2005). The glycine-to-glutamate substitution in n1950 allele of ced-9 blocks interaction between 
EGL-1 and CED-9 (Parrish et al., 2000).  
To identify egl-1 lf mutations, dominant suppressor screen was carried out using semi-dominant 
egl-1 gf alleles (Conradt and Horvitz, 1998). The egl-1 lf allele n3082 prevents ectopic cell death 
of HSNs in egl-1(gf) mutatns. n3082 allele is a five base pair (bp) deletion upstream of the BH3 
domain, which generates truncated protein product lacking BH3 domain. n3082 mutation 
suppresses n1084gf in a semi-dominant manner, because 66% of egl-1(n1084gf n3082)/ 
egl-1(n1084gf) mutants are Egl compared to the hermaphrodites homozygous for both alleles. 
Additionally, egl-1(n1084gf n3082) mediated block of apoptosis is recessive, because 
egl-1(n1084gf n3082)/+ heterozygotes have only few extra cells in animal pharynx. 
egl-1(n1084gf n3082) mutation does not prevent ectopic apoptosis caused by ced-9(lf), which 
indicates, that egl-1 acts upstream of ced-9 (Conradt and Horvitz, 1998). 
During C. elegans development, egl-1 expression is upregulated only in the cells which undergo 
apoptosis (Conradt and Horvitz, 1999). Additionally, CED-9 interaction with EGL-1 was shown 
to be crucial for EGL-1 synthesis and stabilization in mammalian cells (Peso et al., 1998). 
Transcriptional upregulation of egl-1 is regulated by its upstream and downstream cis-regulatory 
sequences (reviewed in Nehme and Conradt, 2009). For example, the transcription factor TRA-1 
binds to egl-1 regulatory site ~5.6 kb downstream of its STOP codon. TRA-1 binding inhibits 
egl-1 transcription in HSNs, therefore promoting their survival in C. elegans hermaphrodite. In 
egl-1 gf mutants single base pair changes in the regulatory site prevent TRA-1 binding resulting 
in transcriptional upregulation of egl-1 (Conradt and Horvitz, 1999). Additionally, asymmetric 
cell division was attributed to the distinct transcriptional activation pattern of egl-1 in cells 
programmed to die. In fact, mutations which affect the asymmetric divisions of mothers of the 
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cells destined to die, influence the apoptotic fate in daughters (Ou et al., 2010; Gurling et al., 
2014; Teuliere et al., 2014). Recently, cell non-autonomous upregulation of egl-1 transcription 
was proposed (Jiang and Wu, 2014). Here, secreted LIN-3/EGF was shown to activate LIN-1, 
which binds to egl-1 promoter and induces its transcription in apoptotic cells. 
1.3. Programmed cell death in the C. elegans germ line 
1.3.1 Development of the C. elegans germ line 
The gonad of C. elegans hermaphrodite consists of the two U-shaped arms which meet at a 
common uterus. The gonad is enclosed by a basement membrane with the five pairs of somatic 
sheath cells. Most of the germ cells within the gonad share a common cytoplasm, thus forming a 
syncytium. The adult germ line exhibits distal–to–proximal polarity. Mitotic cells are located at 
the most distal end of the gonad, whereas meiotic cells are extended proximally. The distal end of 
each gonad arm is capped by mesenchymal distal tip cell (DTCs).  
The remarkable characteristic of germ cells is their ability to recreate the organism. Worm germ 
cell lineage is established during early embryogenesis prior to hatching. A sequence of unequal 
divisions of the germline blastomeres P0, P1, P2 and P3 generate the primordial germ cell P4 
(Fig. 1.1A). The maternally provided RNA-protein complexes, P granules, are asymmetrically 
segregated to P4 (Strome and Wood, 1982; Hird et al., 1996; Pitt et al., 2000; Cheeks et al., 
2004). Animals with severely compromised P granules have germ cells which express somatic 
markers and send out neurite-like projections (Updike et al., 2014). P granules include maternally 
expressed transcripts (class II mRNA), conserved germline helicases GLH-1, GLH-2, GLH-3, 
and GLH-4, the P granule assembly proteins PGL-1, PGl-2, PGL-3, and meiotic regulators 
OMA-1 and OMA-2 (Updike and Strome, 2010). The list of P granule components continues to 
grow, but the majority of them are associated with RNA metabolism. To retain the 
undifferentiated state of the germline blastomers, maternally provided CCCH-type zinc finger 
protein PIE-1 mediates global transcriptional repression (Mello et al., 1996). PIE-1 sequesters 
positive transcription elongation factor b (PTEFb) away from RNA polymerase II (RNAPII) via 
its carboxy-terminal tail, thereby inhibiting elongation of transcription (Zhang et al., 2003). 
PIE-1-dependent repression of germ cells lasts until P4 divides into two germline founder cells, 
Z2 and Z3 at the 100-cell stage embryo (Fig. 1.1A, Mello et al., 1996). After PIE-1 degradation, 
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the chromatin of Z2 and Z3 becomes more condense, and acquire repressive histone 
modifications to maintain transcriptionally silent state (Schaner et al., 2003).  
Proliferation of Z2 and Z3 starts in response to nutrition at the larval stage 1 (L1). The germline 
founder cells divide mitotically producing a pool of germline stem cells (GSC). Somatic gonad 
develops in concert with GSC proliferation. At hatching, Z2 and Z3 are flanked by the somatic 
gonad precursors, Z1 and Z4 (Fig. 1.1A). Z1 and Z4 give rise to the two mesenchymal distal tip 
cells (DTCs) and ten proximal cells which rearrange at the late L2 to form somatic gonad 
primordium. The rapid extension of the gonadal arms lasts until the beginning of the L3 stage. 
Notch signaling from the DTC together with the PUF family RNA-binding proteins, FBF-1 and 
FBF-2 control mitotic GSC proliferation (Lamont et al., 2004; Kimble and Crittenden, 2007). 
FBF-1 and FBF-2, directly repress regulators of the meiotic entry and cell fate specification genes 
(Crittenden et al., 2002; Eckmann et al., 2004; Thompson et al., 2005; Lee et al., 2006a, 2007a; 
Kershner and Kimble, 2010). Two types of GSCs exist within the mitotic region (Cinquin et al., 
2010). The most distal part of mitotic GSCs is maintained in uniform immature state and is 
prevented from entering meiosis by Notch signaling form the DTC. The GSCs in the proximal 
pool are defined as the transit-amplifying cells, which mature gradually while continuing to 
proliferate mitotically. Thus, the maturation state among the mitotically dividing germ cells 
varies depending on their position relative to the DTC. 
In the beginning of the larval stage 3 (L3), the germ cells that are farthest from the DTC enter 
meiotic S-phase (Fig. 1.1B). After DNA replication, chromosomes which are normally dispersed 
around the periphery of the nucleus become polarized and undergo homologous pairing. This 
region of the germ line is referred to the “transition zone” and corresponds to leptotene and 
zygotene stages of early meiotic prophase I (Fig. 1.1B). The accumulation pattern of GLD-1 
defines a border between mitotic and meiotic region of the germ line. GLD-1 is a KH 
motif-containing RNA-binding protein (RBP), which acts as a translational repressor of mitosis 
promoting genes (Francis et al., 1995; Jones and Schedl, 1995; Lee and Schedl, 2001; Marin and 
Evans, 2003; Biedermann et al., 2009; Wright et al., 2011). In the mitotic region, gld-1 is 
post-transcriptionally repressed by FBF proteins(Cinquin et al., 2010; Suh et al., 2009) and 
GLP-1/Notch receptor (Hansen et al., 2004). As germ cells move away from the DTC, the Notch 
signaling becomes weak and accumulation of GLD-1 is observed in the germ cell which enter 
meiosis (Hansen et al., 2004). The GLD-2 is a cytoplasmic poly (A) polymerase which forms a 
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heterodimer with GLD-3, a Bicaudal-C family RBP, to activate the expression of gld-1 mRNA 
(Kadyk and Kimble, 1998; Wang et al., 2002a; Eckmann et al., 2004; Suh et al., 2006b). NOS-3 
is a homolog of Drosophila Nanos which acts as a translational regulator (Subramaniam and 
Seydoux, 1999), and activates the expression of gld-1 in parallel to GLD-2/GLD-3 heterodimer 
(Hansen et al., 2004). Upon Notch signaling reduction, the direct reciprocal auto-repression of 
FBF proteins maintains meiotic germ cell specification (Lamont et al., 2004). Interestingly, 
miRNAs were also found to be implicated in germ cell proliferation and differentiation (Bukhari 
et al., 2012; Brown et al., 2017). In the early pachytene region, the synaptonemal complex 
assembly is completed (Fig. 1.1B). The homologous recombination occurs in the mid pachytene, 
which is followed by the repair of meiosis-induced DNA double-strand breaks and synaptonemal 
complex disassembly in the late pachytene and diplotene zones (Fig. 1.1B). During the final stage 
of prophase I, diakineses, chromosomes of the maturing germ cells condense dramatically in 
preparation for the first meiotic division. In C. elegans hermaphrodite, the germ cells which enter 
the phachtene region first (at the beginning of the larval stage 4 (L4)) will become sperm 
(Fig. 1.1B). The germ cells which enter the pachytene region later will differentiate into the 
oocytes. Oocytes are continuously produced throughout adult life. The regulatory network which 
controls sperm vs oocyte decision includes many of the same regulators used for mitosis vs 
meiosis decision (Kimble and Crittenden, 2007; Ellis and Lin, 2014). Oocytes paused at the 
diakinesis start their first meiotic division after the ovulation through the spermatheca. Once 
sperm is depleted, oocytes arrest in the meiotic prophase until insemination occurs. The zygote 
moves into uterus and goes through the early embryonic development before being extruded 
through the vulva. 
1.3.2 Physiological germline apoptosis 
Apoptotic removal of superfluous germ cells is a conserved feature of oocyte development in 
mammals, insects and nematodes. In humans, approximately seven million oocytes are produced 
during embryogenesis, 99.9% of which die during woman’s lifetime (Hsueh et al., 1994). In 
Drosophila, single egg chamber contains 16 germ cells, 15 of which undergo apoptosis after 
oocyte maturation (Cavaliere et al., 1998). In C. elegans hermaphrodites, more than half of the 
developing oocytes are culled in the late pachytene region of the germ line, in an apparent 
stochastic manner, in the absence of any evident apoptotic stimulus (Gumienny et al., 1999; Fox 
et al., 2011). This process is referred to as “physiological germline apoptosis”. 
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1.3.2.1 Why do so many apparently healthy germ cells die? 
Apoptotic germ cells might be genetically compromised due to their high proliferation rates. In 
older women, accumulation of meiotic errors leads to the impaired chromosome segregation in 
the maturing oocytes with subsequent maternal infertility or chromosomal abnormalities in 
offspring (Djahanbakhch et al., 2007). The unsynapsed chromosomes trigger germline apoptosis 
in humans and nematodes (Baudat et al., 2000; Bhalla and Dernburg, 2005). Nevertheless, 
ced-4(lf) and ced-3(lf) mutations, which block most of the germ cell death, does not result in high 
rates of embryonic lethality (Andux and Ellis, 2008). Furthermore, ced-9(1950gf) and egl-1(lf) 
mutations, which prevent germline apoptosis in response to DNA damage, do not reduce the 
quality of the maturing oocytes (Andux and Ellis, 2008). Thus, it is rather unlikely that 
physiological germline apoptosis functions solely to eliminate defective germ cells.  
In Drosophila and humans, a number of germ cells are set aside at birth to produce nutrients for 
growing oocytes. These nurse cells eventually undergo apoptosis once the fate of oocyte is 
determined. In C. elegans, apoptotic germ cells might also function as nurse cells. In fact, quality 
and size of oocytes decreases in old worms and in mutants with the defective apoptosis (Andux 
and Ellis, 2008). Similarly, oocyte quality is reduced in mutants with the impaired engulfment, 
suggesting that removal of apoptotic germ corpses is also important for the development of 
healthy oocytes (Andux and Ellis, 2008). However, accumulation of the specialized, 
morphologically distinct nurse cells was not reported in apoptosis defective mutants (Gumienny 
et al., 1999). Instead, the first ~300 oocytes generated in young ced-4(lf) and ced-3(lf) animals 
develop into healthy embryos after fertilization (Andux and Ellis, 2008). Additionally, all 
pachytene germ cells contribute to the proximal streaming of cytoplasmic materials towards 
growing oocytes (Wolke et al., 2007). Thus, every germ cell in the pachytene has equal potential 
to develop into mature oocyte, and none is specifically designed as a nurse cell (Gumienny et al., 
1999; Wolke et al., 2007; Andux and Ellis, 2008).  
Possibly, certain concentration of the cytoplasmic materials is needed to keep oocyte alive and to 
generate healthy offspring. To reach this nutrients threshold, transcriptional activity of several 
germ cells might be needed to secure the survival of a single oocyte. Thus, reducing the germ cell 
proliferation would not compensate for the intrinsic deficit of the cytoplasmic materials. In 
mutants with the defective germ cell death, premature depletion of nutrients might contribute to 
the reduced quality and size of the increased number of oocytes (Andux and Ellis, 2008). 
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Therefore, germline apoptosis might be used to reduce nutrients competition between the 
supernumerary germ cells (Andux and Ellis, 2008). 
1.3.2.2 Regulation of physiological germline apoptosis 
The C. elegans germ line is a dynamic tissue, and the factors like age of the worm, rates of the 
germline proliferation and corpse engulfment, and temperature influence basal levels of 
apoptosis. Dying germ cells are rapidly cellularized away from common syncytium and engulfed 
by gonadal sheath cells (Wu and Horvitz, 1998). The female germ line is required for apoptosis, 
whereas the gender of somatic tissue does not influence the apoptotic competency of germ cells 
(Gumienny et al., 1999). Like somatic cell death, germline apoptosis is also regulated by the core 
apoptotic machinery. ced-4(lf) and ced-3(lf) mutants have very few germ cell corpses, whereas 
increased levels of germline apoptosis are observed in ced-9(lf) animals (Gumienny et al., 1999). 
However, there is no direct link between the transcriptional upregulation of egl-1 and induction 
of germline apoptosis under the physiological conditions. egl-1(lf) and ced-9(1950gf)  mutations, 
which prevents most of the somatic cell death, do not affect physiological germline apoptosis 
(Gumienny et al., 1999). Additionally, egl-1 transcription is not upregulated in wild-type worms 
(Eberhard, 2012). Furthermore, CED-4 does not co-localize with CED-9 at mitochondria in the 
germ line (Pourkarimi et al., 2012). Thus, the mechanisms which trigger physiological germline 
apoptosis upstream of ced-9 are not known yet (Fig. 1.1C). I have addressed this question in 
details in Chapter 3. 
Hypothetically, germ cells might be more susceptible to the subtle fluctuating changes in egl-1 
transcription, while stronger upregulation of egl-1 is required to induce apoptosis in somatic 
tissue. Consistent with this hypothesis, the upregulation of egl-1 transcription is observed in the 
ced-9(n1653ts) lf  mutants at 20 ˚C (Eberhard, 2012). Moreover, loss of egl-1 restores the fertility 
of ced-9(n1653ts) worms at 25 ˚C (Eberhard, 2012). Additional regulatory molecules might 
amplify subtle changes of egl-1 transcription or act in parallel to induce apoptosis in the germ 
line under the physiological conditions.  
In C. elegans, Ras/MAPK signaling is required for germ cell progression through the pachytene 
stage (Lee et al., 2007b). The strong lf  mutations in Ras/MAPK pathway (let-60 (ras), 
lin-45 (raf), mek-2 (ERK kinase), mpk-1 (MAP kinase)) also block constitutive germline 
apoptosis (Gumienny et al., 1999). ced-9(lf) mutation restores germ cell death in lf  mutants of 
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Ras/MAPK signaling (Gumienny et al., 1999). Moreover, increased germline apoptosis is 
observed in mutants with the upregulated Ras/MAPK signaling (lip-1(lf), gla-3(lf), Kritikou et 
al., 2006). Thus, Ras/MAPK signaling is one of the key regulators of physiological germline 
apoptosis. However, the direct interaction between the components of Ras/MAPK pathway and 
members of the core apoptotic machinery has not been shown yet. Therefore, Ras/MAPK 
signaling might also affect physiological germline apoptosis indirectly, by promoting germ cell 
progression into the apoptosis sensitive stage (Gumienny et al., 1999; Rutkowski et al., 2011). 
Several transcription factors (TFs) and RBPs (reviewed in 1.3.4) were shown to regulate 
physiological gem cell apoptosis. EGL-38 and PAX-2, C. elegans homologs of mammalian 
Pax2/5/8 TFs, promote germ cell survival by directly activating the transcription of ced-9 (Wang 
et al., 2004; Park et al., 2006). Conversely, LIN-35, C. elegans retinoblastoma susceptibility 
protein (Rb) homolog, promotes constitutive germline apoptosis by repressing ced-9 expression 
(Schertel and Conradt, 2007). Additionally, the reduction of physiological germ cell death was 
observed in the mutants which lack DP homolog DPL-1 or E2F-like proteins EFL-1 and EFl-2, 
due to the decreased expression of ced-4 and ced-3 (Schertel and Conradt, 2007).  
1.3.3 DNA damage-induced germline apoptosis 
The C. elegans germ line is the only adult proliferative tissue, which is continuously optimized to 
maintain its pluripotency and to respond quickly to alternating intrinsic and environmental 
stimuli. The stresses like bacterial infection, heat shock, starvation or high glucose diet trigger 
ectopic germline apoptosis (Aballay and Ausubel, 2001; Salinas et al., 2006; Angelo and Gilst, 
2009; Choi, 2011). The exposure to the genotoxic agents such as environmental toxins, 
ultraviolet (UV) or ionizing irradiation (IR) causes mistakes in DNA replication, 
miss-incorporation of the nucleotides or double-strand DNA breaks (DSBs). Following DNA 
damage, mitotic germ cells transiently cease the proliferation to activate DNA repair pathways, 
but continue to grow, which results in the decreased number of enlarged mitotic germ cells (Fig. 
1.1B, Stergiou and Hengartner, 2004). Meiotic germ cells undergo excessive apoptosis in the 
pachytene region of the germ line (Fig. 1.1B, Gartner et al., 2000; Stergiou et al., 2007; Feng et 
al., 2017). DNA damage-induced germline apoptosis requires ced-9, ced-4 and ced-3, and is 
blocked by egl-1(lf) and ced-9(1950gf)  mutations (Fig. 1.1D, Gartner et al., 2000). 
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1.3.3.1 DNA damage checkpoint signaling 
The 9-1-1 DNA damage checkpoint sensors HPR-9, HUS-1 and MRT-2 are recruited to the sites 
of DNA lesions (Hofmann et al., 2002). The C. elegans Rad17 clamp loader homolog, HPR-17 
functions in the same DNA damage response pathway as 9-1-1 checkpoint complex (Boerckel et 
al., 2007). Mutants of 9-1-1 complex and hpr-17(tm1579) worms are defective in IR-induced cell 
cycle arrest and apoptosis (Gartner et al., 2000; Boulton et al., 2002; Hofmann et al., 2002; 
Boerckel et al., 2007). Another checkpoint sensing factor CLK-2/RAD-5 acts in parallel to 9-1-1 
complex localizing to the sites of DSBs (Ahmed et al., 2001; Stergiou and Hengartner, 2004). 
The members of the phosphatidylinositol 3 kinase (PI3K) family, ATL-1 and ATM-1, activate the 
effector kinases CHK-1 and CHK-2 (Garcia-Muse and Boulton, 2005), which transduce the DNA 
damage signal downstream to the p53 tumor suppressor homolog cep-1 (reviewed in 1.3.3.2, 
Derry et al., 2001; Schumacher et al., 2001; Stergiou et al., 2007). Remarkably, male germ cells 
do not undergo apoptosis (Gumienny et al., 1999; Jaramillo-Lambert et al., 2010). The absence of 
germline apoptosis in males is due to the failure of CED-3 activation, even though the 
recombination checkpoint cascade is induced following IR or meiotic recombination defects 
(Jaramillo-Lambert et al., 2010). Interestingly, C. elegans homolog of Holiday Junction resolvase 
GEN-1 promotes germ cell cycle arrest and apoptosis independently of the canonical DNA 
damage response pathway discussed above (Bailly et al., 2010). 
1.3.3.2 The CEP-1 p53 tumor suppressor homolog 
In mammals, the p53 family includes three transcription factors, p53, p63, and p73, which have 
evolved from a common p63/p73-like ancestral protein, as a result of gene duplication events 
occurred during invertebrate-to-vertebrate transition (Belyi and Levine, 2009). The components 
of the p53 pathway are mutated in the majority of human cancers (Hollstein et al., 1991; Kandoth 
et al., 2013). p53 induces cell cycle arrest and apoptosis of damaged cells providing mainly a 
tumor suppressing function (Kastenhuber and Lowe, 2017). However, there is an increasing 
evidence that certain p53 mutants may act as oncogenic proteins (Soussi and Wiman, 2015). p53 
contains two N-terminal transactivation domains (TA) to recruit the transcription factors, central 
DNA binding domain (DBD) to recognize the promoter sequences, oligomerization domain (OD) 
for tetramerization, and short stretch of 30 amino acids to regulate its transcriptional activity 
(Joerger and Fersht, 2010). Mdm2 is an E3 ubiquitin ligase required for p53 degradation under 
the physiological conditions (Brooks and Gu, 2006). Upon DNA damage, phosphorylation of p53 
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and Mdm2 disrupts their association (Levine, 1997; Brooks and Gu, 2006). p53 stabilization 
activates the transcription of BH3-domain-containing genes Noxa and Puma to induce apoptosis 
(Oda et al., 2000; Nakano and Vousden, 2001). p63 and p73 are mainly involved in epithelial 
development and neuronal differentiation, respectively (Yang et al., 1999, 2000). Several 
isoforms of p63 and p73 exist depending on the combination of the different N-terminal 
promoters and C-terminal splicing (Kaghad et al., 1997; Laurenzi et al., 1998; Yang et al., 1998). 
p63 and p73 are structurally related to p53 and share 55-87% of amino acid sequence homology 
in DBD (Belyi and Levine, 2009). However, the sterile alpha motif (SAM) domain for 
protein-protein interactions and transcriptional inhibitory domain (TID) are found exclusively in 
the C-termini of p63 and p73 (Serber et al., 2002).  
In C. elegans, CEP-1 is the only member of the p53 family which promotes DNA 
damage-induced germline apoptosis (Derry et al., 2001; Schumacher et al., 2001). The 
inactivation of cep-1 causes a slight reduction in progeny survival following IR (Derry et al., 
2001). CEP-1 induces cell cycle arrest only following UV-C treatment, but not in response to IR 
(Derry et al., 2001; Schumacher et al., 2001; Stergiou et al., 2007). Interestingly, ubiquitous 
expression of CEP-1::GFP fusion reporter was observed during the entire embryonic 
development (Derry et al., 2001). Additionally, CEP-1-overexpressing embryos were terminally 
arrested before hatching with the increased levels of caspase-independent necrotic cell death 
(Derry et al., 2001). Furthermore, many genes were also shown to be repressed by CEP-1 in the 
absence of genotoxic stress in the germ line and somatic tissues (Derry et al., 2007). Thus, CEP-1 
activity might be carefully regulated during animal development in addition to its function in the 
germ line. 
Initially, CEP-1 was thought to be more related to mammalian p53, due to its role in apoptosis. 
Consistently, significant overlap between the genes repressed by CEP-1 and human p53 was 
identified (Derry et al., 2007). However, the phylogenetic and structural analysis suggested that 
cep-1 encodes ancestral p63/p73-like gene (Ou et al., 2007; Rutkowski et al., 2010). This 
hypothesis was further supported by the observation that mammalian p63 monitors the fidelity of 
the female germ line and induces apoptosis of oocytes in response to DNA damage independently 
of p53 (Suh et al., 2006a). Moreover, CEP-1-activated genes overlapped significantly with 
human p63 targets (Derry et al., 2007).  
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CEP-1 contains conserved DBD, two putative phosphorylation sites, C-terminal non-canonical 
oligomerization domain (OD) followed by 16-amino-acid linker and SAM domain (Derry et al., 
2001; Schumacher et al., 2001; Ou et al., 2007). CEP-1 DBD shares only 15% of amino acid 
sequence identity with mammalian counterparts (Huyen et al., 2004). The OD of CEP-1 forms 
dimers and requires additional structural elements in C-terminus to maintain proper conformation 
(Ou et al., 2007). The C-terminus of CEP-1 can be converted into the tetrameric form by 
mutations at K544, R551, and E552 residues (Ou et al., 2007). 
Like mammalian p53, CEP-1 is phosphorylated by CHK-1 and CHK-2 (Shieh et al., 2000; 
Schumacher et al., 2001; Stergiou et al., 2007; Jaramillo-Lambert et al., 2010), which leads to the 
transcriptional upregulation of BH3-only genes egl-1 and ced-13 (Hofmann et al., 2002; 
Schumacher et al., 2005a; Stergiou et al., 2007). egl-1 and ced-13 are the strongest cep-1 
dependent genes (Greiss et al., 2008). Interestingly, the majority of the cep-1 dependent, 
IR-induced genes are mainly expressed in somatic tissues (Greiss et al., 2008). Furthermore, 
cep-1 mutants are hypersensitive to hypoxia- and starvation- induced stresses (Derry et al., 2001). 
Several molecules which regulate cep-1 activity exist. GLD-1 restricts cep-1 translation to the 
late pachytene region by binding to its 3’-untranslated region (3’UTR, Schumacher et al., 2005b). 
In gld-1(op236) mutant binding to cep-1 is compromised, which leads to the increased CEP-1 
expression in the distal parts of the germ line and sensitizes germ cells to apoptosis following IR. 
By contrast, the expression of other GLD-1 targets is not affected in gld-1(op236) animals. 
Another CEP-1 regulatory mode is represented by Ras/MAPK signaling (Rutkowski et al., 2011). 
The increased activation of MPK-1 sensitizes germ cells to apoptosis following DNA damage. In 
lip-1(lf) mutants, CEP-1 levels are upregulated in early pachytene. Consistently, reduced CEP-1 
levels and upregulated levels of GLD-1 were detected in mpk-1(ga111ts) untreated worms grown 
at 25 ˚C. By contrast, GLD-1 levels remained unchanged in mpk-1(ga111ts) mutants following 
IR. Thus, MPK-1 restricts CEP-1 expression to the late pachytene in part by regulating GLD-1 
expression, but also via GLD-1 independent mechanism. Additionally, MPK-1 might also 
directly activate CEP-1 in response to IR. Indeed, MPK-1 is phosphorylated upon DNA damage, 
and directly interacts with CEP-1 in yeast two-hybrid assay. Further, PRMT-5 negatively 
regulates DNA damage-induced germline apoptosis (Yang et al., 2009). In prmt-5(RNAi) worms, 
increased levels of germ cell death are observed after IR. PRMT-5 interacts directly with CEP-1 
via a cofactor CBP-1, a homolog of mammalian p300/CBP. CBP-1 methylation by PRMT-5 
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inhibits transcription of cep-1 to maintain proper expression of egl-1 and to avoid excessive germ 
cell apoptosis following DNA damage. Additionally, E3 ubiquitin ligase complex SCF FSN-1 
negatively regulates CEP-1 transcription and germline apoptosis in response to DNA alkylating 
agent N-ethyl-N-nitrosourea (ENU, Gao et al., 2008). However, it is not clear whether SCF FSN-1 
interaction with CEP-1 is direct. Furthermore, HIF-1 downregulates CEP-1 and antagonizes DNA 
damage-induced germline apoptosis cell-nonautonomously through a secreted neuronal 
tyrosinase TYR-2 (Sendoel et al., 2010). The inactivation of tyr-2 restored IR-induced gemline 
apoptosis in vhl-1(lf) mutants, which have increased levels of HIF-1 under normoxic conditions. 
The ectopic expression of tyr-2 under the control of germline-specific promoter inhibits DNA 
damage-induced germline apoptosis. 
1.3.4 Post-transcriptional regulation of germline apoptosis in C. elegans 
Post-transcriptional regulation of gene expression covers virtually each step of macromolecule 
biogenesis in the cell. The interplay between different post-transcriptional mechanisms 
tremendously influences gene expression. Almost all mRNAs contain sequences that regulate 
their post-transcriptional expression and localization (Barrett et al., 2012). These regulatory 
elements are found in introns and exons of pre-mRNA, as well as in coding and non-coding 
regions of mature transcripts (Hafner et al., 2010; Rosenberg et al., 2015; Weingarten-Gabbay et 
al., 2016; Wissink et al., 2016). RBPs and non-coding RNAs (ncRNAs) are main 
post-transcriptional regulatory elements. mRNAs bound by RBPs and ncRNAs form messenger 
ribonucleoprotein particles (mRNPs), which continuously remodel in response to changes of 
cellular homeostasis (Tenenbaum et al., 2000; Moore, 2005). C. elegans genome contains 
approximately 1’300 functional ncRNAs and 800 RBPs (Stricklin et al., 2005; Tamburino et al., 
2013). Both, ncRNAs and RBPs have on average hundreds of targets, which underline the extent 
of post-transcriptional regulation on gene expression (Tenenbaum et al., 2000). mRNPs 
participate in processing of newly synthesized transcripts in the nucleus, export mRNAs to the 
cytoplasm, ensure translation initiation and elongation, and finally mediate mRNA degradation. 
Thus revealing mRNP function, assembly and remodeling events is crucial for understanding 
mRNA regulation. Dysfunction of the post-transcriptional regulation largely contributes to the 
numerous health disorders (Chatterjee and Pal, 2009; Vaklavas et al., 2017). Additionally, weak 
correlation between mRNA and proteins levels was observed in several genome-wide studies, 
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confirming a tremendous impact of post-transcriptional regulation on gene expression 
(Schwanhäusser et al., 2011; Grün et al., 2014; Kamkina et al., 2016). 
Germ cells undergo complex developmental program, progression through which requires 
accurate spatial and temporal regulation of gene expression. In the C. elegans germ line, 
translational control is a major form of gene expression regulation. The genome-wide analysis of 
germline-specific genes in C. elegans identified a 4-fold enrichment of RNA-binding proteins 
compared to soma, where gene expression is mostly regulated at the transcriptional level (Wang 
et al., 2009b). Several studies have also shown that spatio-temporal expression of many genes in 
the C. elegans germ line is regulated mainly by their 3’UTRs (Schumacher et al., 2005b; Merritt 
et al., 2008; Subasic et al., 2016). The question arise: why translational regulation is extensively 
utilized in the C. elegans germ line? Firstly, germ cells experience strong transcriptional 
repression of soma-related genes starting from the specification phase (via maternally provided 
PIE-1) until early embryogenesis (via repressive chromatin modifications). Thus, repressed state 
of chromatin might be less compatible with the DNA-based regulation mechanisms. Secondly, 
germ cells go through two distinct types of cell division in a spatially and temporally distinct 
manner while sharing a common cytoplasm. The continuously moving, quickly dividing germ 
cells experience a constant change in cytoplasmic stimuli. Translational control offers tight 
regulation of gene expression, fast response to changing environmental cues, and energy-saving 
advantage by directly accessing the cytoplasmic pool of pre-made mRNAs. 
Because, translational control plays an important role in germline development (Nousch and 
Eckmann, 2013), one would expect that much of the germline apoptosis is also regulated at the 
post-transcriptional level. Indeed, many RBPs were identified to influence germ cell death in 
C. elegans. For example, the translation of the executioner caspase ced-3 is heavily regulated by 
at least four conserved RBPs to restrict its expression in the germ line (Subasic et al., 2016). 
GLD-1 inhibits germline apoptosis upstream of the core apoptotic machinery by repressing the 
translation of cep-1 (reviewed in 1.3.3.2, Schumacher et al., 2005b). A conserved DEAD-box 
germline helicase CGH-1 is enriched in P granules and somatic mRNA-protein particles (Navarro 
et al., 2001). It is required for gametogenesis and also prevents physiological germ cell death 
(Navarro et al., 2001). Another RBP, CAR-1 interacts with CGH-1 to suppress physiological 
germline apoptosis (Boag et al., 2005). GLA-3 is a TIS11-like RBP with two CCCH-like zinc-
finger domains, which suppresses physiological and DNA damage-induced germ cell death at the 
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level of MAPK signaling (Kritikou et al., 2006). Additionally, the constitutive P-granule 
components PGL-1 and PGL-3 were found to inhibit physiological and DNA damage-induced 
germline apoptosis by repressing protein levels of the Apaf-1 homolog ced-4 and Sirtuin 
homolog sir-2.1 (Min et al., 2016). Lettre et al. identified even more RBPs which effect germline 
apoptosis in C. elegans (Lettre et al., 2004).  
The microRNA (miRNA) pathway is another form of RNA regulation required for germ cell 
maintenance in worms, flies and mice. mir-14 and bantam are the first miRNAs identified to 
influence apoptosis in D. melanogaster (Xu et al., 2003; Brennecke et al., 2003). Many miRNAs 
were reported to regulate cell death in humans (Su et al., 2015). For example, pro-apoptotic 
mir-204 directly targets 3’UTR of anti-apoptotic protein BCL-2, and is frequently downregulated 
in human gastric cancers (GCs, Sacconi et al., 2012). The pro-apoptotic mir-15a and mir-16-1 are 
downregulated in 65% of B-cell chronic lymphocytic leukemia (CLL) patients (Calin et al., 
2002). mir-15a and mir-16-1 inhibit expression of BCL-2 expression and control cell growth 
(Cimmino et al., 2005). Patients with abdominal aortic aneurysm (AAA) have strongly 
upregulated levels of anti-apoptotic mir-504 (Cao et al., 2017), which directly targets tumor 
suppressor p53 (Hu et al., 2010).  
By contrast, very little is known about the impact of miRNAs on the regulation of germ cell death 
in C. elegans. Depletion of miRNA processing enzymes Drosha or Dicer significantly impairs 
germ cell maturation which cause animal sterility (Knight and Bass, 2001; Denli et al., 2004). 
Knock-down of two worm Argonaute (AGO) proteins ALG-1 and ALG-2 causes germ cell 
differentiation defects (Grishok et al., 2001). Genetic studies have identified the highly conserved 
mir-34 and members of the mir-58 family (which are homologous to the bantam miRNA in 
D. melanogaster) as positive regulators of IR-induced germline apoptosis (Kato et al., 2009; 
Subasic et al., 2015). Furthermore, mir-35 and mir-58 were recently shown to bind to the 3’UTR 
of egl-1 and reduce its expression in mothers of somatic cells fated to die (Sherrard et al., 2017). 
Thus, it was of my large interest to identify additional miRNA which might influence germline 
apoptosis in C. elegans. I have addressed this question in details in Chapter 2. 
1.3.4.1 miRNAs 
MicroRNAs (miRNA) are endogenous non-coding RNA molecules of about 22 nucleotides in 
length that function as key post-transcriptional regulators of gene expression in animals and 
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plants. Human genome encodes ~2’500 miRNA (Kozomara and Griffiths-Jones, 2014) which 
regulate up to 60% of all protein coding genes (Friedman et al., 2009). miRNA function in 
diverse biological processes (Herranz and Cohen, 2010), and are frequently dysregulated in 
cancer (Lu et al., 2005) and many pathological disorders (Mendell and Olson, 2012). The 
non-coding gene lin-4 was the first miRNA discovered in C. elegans (Lee et al., 1993; Wightman 
et al., 1993). lin-4 antisense base pairing to the 3’UTR of lin-14 mRNA negatively regulates its 
protein expression (Wightman et al., 1993), which is required for worm normal progression to the 
L2 stage (Ruvkun and Giusto, 1989). lin-4 mediated repression of lin-14 was largely considered 
to be a worm-specific phenomenon until the second C. elegans miRNA, let-7, was discovered 
seven years later (Reinhart et al., 2000). It became quickly apparent that the sequence and 
temporal expression pattern of let-7 are conserved in other animal species (Pasquinelli et al., 
2000). Since then, a remarkable variety of non-coding RNAs was identified underscoring the 
importance of the post-transcriptional events in gene expression (Cech and Steitz, 2014). 
1.3.4.1.1 miRNA biogenesis 
miRNA genes are mainly transcribed by RNA polymerase II (RNA Pol II) as mono- or 
poly-cistronic long primary miRNAs (pri-miRNAs, Fig. 1.2, Lee et al., 2002, 2004a; Zhou et al., 
2007). Most miRNA genes are located in the non-coding regions of the genome, and are 
transcribed from their own promoters (Lagos-Quintana et al., 2001; Lau et al., 2001). Other 
miRNAs are found within the introns of protein-coding genes (Lagos-Quintana et al., 2003; Lai 
et al., 2003). miRNA promoters do not share a common layout, however several conserved 
sequence motifs which resemble known cis-acting regulatory elements were identified (Ohler et 
al., 2004; Zhou et al., 2007). The majority of miRNA promoters contain the sequence motif 
which match the initiator (Inr) element (Zhou et al., 2007). However, the canonical TATA box 
motif is frequently absent from the putative miRNA core promoters (Ohler et al., 2004; Zhou et 
al., 2007). The CCCWCCC (W= A or T) conserved motif was found in 1’000 bp region upstream 
of miRNA fold-backs for the 59 orthologous human/mouse intergenic miRNAs (Ohler et al., 
2004). The nematode-specific CTCCGCCC conserved motif was described for all intergenic 
miRNAs (Ohler et al., 2004). Interestingly, no significant termination motif was found 
downstream of miRNA fold-backs in nematodes (Ohler et al., 2004). The majority of 
pri-miRNAs contain a stem-loop structure, 5’ 7-methylguanosine cap and a poly (A) tail at 3’ end 
(Lee et al., 2004a). pri-miRNAs are processed in the nucleus into ~70-nucleotide (nt) stem-loop 
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precursor miRNAs (pre-miRNAs) by Microprocessor heterotrimeric complex which consists of 
the RNase III endonuclease Drosha and RBP DiGeorge Critical Region 8/Pasha (DGCR8/Pasha, 
Fig. 1.2, Lee et al., 2003; Denli et al., 2004; Gregory et al., 2004; Han et al., 2004, 2006). The 
features which specify pri-miRNA for further processing by Microprocessor are different 
between species. Indeed, most C. elegans pri-miRNAs lack the basal UG, the CNNC, and the 
apical GUG motifs which are found in ~80% of human pri-miRNAs (Auyeung et al., 2013). 
Additionally, pri-miRNA transcripts that enter miRNA pathway in C. elegans failed to do so in 
human cells (Auyeung et al., 2013).  
After processing in the nucleus, pre-miRNAs are translocated to the cytoplasm via a protein 
complex which consists of karyopherin β family member Exportin 5 and GTP-binding nuclear 
protein RAN-GTP (Fig. 1.2, Yi et al., 2003; Bohnsack et al., 2004; Lund et al., 2004). In the 
cytoplasm, pre-miRNAs are further cleaved by RNase III type endonuclease Dicer into ~22 nt 
double stranded RNA (dsRNA) molecules (Fig. 1.2, Grishok et al., 2001; Hutvágner et al., 2001; 
Lau et al., 2012). The Dicer PAZ domain anchors simultaneously the 3’ overhang and 5’ 
monophosphate of the pre-miRNAs to ensure the correct cleavage of the terminal loop in the 
RNase III catalytic domain (MacRae et al., 2006, 2007; Park et al., 2011; Fukunaga et al., 2014). 
Dicer interacts with two RBPs, transactivation response RNA-binding protein (TRBP) and 
protein activator of PKR (PACT), which facilitate pre-miRNA cleavage and miRNA duplex 
loading into Argonaute (AGO) protein (Chendrimada et al., 2005; Lee et al., 2006b; 
Chakravarthy et al., 2010; Fukunaga et al., 2012; Lee and Doudna, 2012; Lee et al., 2013). In 
mammals, four out of eight AGO paralogues (AGO-1, AGO-2, AGO-3, AGO-4) function in 
miRNA pathway (Peters and Meister, 2007). In C. elegans, 27 Argonaute proteins are expressed, 
but only two of them (ALG-1 and ALG-2) participate in miRNA-mediated gene silencing (Yigit 
et al., 2006). AGO family members have paralogue-specific functions. AGO-2 is the only AGO 
protein with endonuclease activity (Liu et al., 2004). AGO proteins also differ in their capacity to 
repress target mRNA translation (Wu et al., 2008). In addition, tissue-specific variation in relative 
abundance of AGO proteins was found suggesting cell-type-dependent specificity of target 
mRNA repression (Meister et al., 2004; Wu et al., 2008). Finally, different set of miRNAs 
associate with distinct AGO proteins (Azuma-Mukai et al., 2008; Burroughs et al., 2011). Upon 
miRNA duplex loading, the endonuclease-deficient AGOs unwind the thermodynamically less 
stable passenger strand from the mature miRNA to form miRNA-induced silencing complex 
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(miRISC). miRNA processing is also tightly regulated by RBP at each step of maturation 
(Kouwenhove et al., 2011). 
1.3.4.1.2 Cell-autonomous and circulating miRNAs 
Much effort has been made to identify whether miRISC components are associated with certain 
cellular structures. There is clear evidence that cytoplasmic processing bodies (P-bodies), which 
function in storage and decay of the repressed mRNAs, are also implicated in miRNA-mediated 
gene silencing (Eulalio et al., 2007a). The components of miRISC are enriched in cytoplasmic 
P-bodies (Liu et al., 2005a). The inhibition of miRNA biogenesis results in the disappearance of 
P-bodies (Jakymiw et al., 2005; Eulalio et al., 2007b). However, knock-down of certain P-body 
components does not prevent miRNA-mediated repression (Eulalio et al., 2007b). Thus, the 
formation of large P-body aggregates is rather a consequence than the cause of miRNA-mediated 
gene silencing (Eulalio et al., 2007b). Stress granules represent another class of cytoplasmic 
aggregates where miRISC components were found to be accumulated upon global repression of 
translation (Leung et al., 2006). The components of miRISC were also identified in late 
endosomes (multivesicular bodies (MVBs), Gibbings et al., 2009; Lee et al., 2009). The impaired 
maturation of MVBs enhances miRNA-mediated gene silencing (Lee et al., 2009). The impaired 
formation of MVBs inhibits the repression of target genes (Lee et al., 2009). Thus, it was 
suggested that MVBs promote continuous assembly and disassembly of miRISC complexes 
(Gibbings et al., 2009; Lee et al., 2009). Intriguingly, nuclease-resistant circulating miRNAs were 
discovered in the extracellular environment (Chen et al., 2008; Weber et al., 2010). The 
circulating miRNAs are frequently packed into the MVB originated exosomes (Valadi et al., 
2007). The miRNA content in exosomes was found to be regulated via ceramide-dependent 
pathway (Kosaka et al., 2010). Several studies have shown that specific concentrations of 
circulating miRNAs correlated with various types of cancer (Chen et al., 2008; Wang et al., 
2009a; Ogata-Kawata et al., 2014). Although, the biological function of extracellular miRNAs 
remains to be determined, there is increasing evidence that circulating miRNAs might participate 
in the intercellular communication (Pegtel et al., 2010; Mittelbrunn et al., 2011; Montecalvo et 
al., 2012). 
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1.3.4.1.3 miRNA target recognition 
Majority of miRNAs bind to the 3’UTRs of target mRNAs. However, targeting at the 5’UTRs 
and in protein-coding sequences has been reported (Grey et al., 2010; Reczko et al., 2012). 
miRNA target recognition is based on the “seed” region complementarity (Lewis et al., 2005). 
The canonical seed region is perfectly complementary to the target mRNA, and covers a 
continuous stretch of at least six nucleotides (nt) starting from the position two at the 5’-end of 
the miRNA (Ellwanger et al., 2011). The canonical seed sites are described as a 6-mer (bases 2 to 
7), 7-mer-A1 (bases 1 to 7), 7-mer-m8 (bases 1 to 8), and 8-mer (bases 1 to 8) (Bartel, 2009; 
Ellwanger et al., 2011). The longer canonical seed sites (i.e. 7-mer-A1, 7-mer-m8, and 8-mer) are 
more evolutionary conserved than the shorter ones (i.e. 6-mer, Ellwanger et al., 2011). The 
non-canonical seed sites are not perfectly complementary to target mRNA. They include G·U 
wobble, bulged seed pairing, centered target sites, and seedless elements (Hausser and Zavolan, 
2014). In contrast to the canonical seed sites, the non-canonical sites display lower evolutionary 
conservation (Friedman et al., 2009). In the recent transcriptome-wide studies, which were based 
on the biochemical isolation of miRNA-mRNA complexes via AGO protein 
immunoprecipitation, significant portion of non-canonical interactions was identified (Chi et al., 
2009; Hafner et al., 2010; Chi et al., 2012; Khorshid et al., 2013; Helwak and Tollervey, 2014). 
Interestingly, highly abundant miRNAs frequently contain non-canonical sites (Khorshid et al., 
2013). The complementary sequences outside of the seed region further stabilize the interaction 
between miRNA and its target mRNA, particularly when imperfect seed pairing occurs 
(Brennecke et al., 2005; Grimson et al., 2007).  
Approximately 65% of all miRNAs discovered to date are grouped into families based on their 
seed sequences similarities, origin, evolutionary conservation, and structure of pre-miRNAs 
(Ding et al., 2011; Burge et al., 2013; Wang et al., 2014). miRNA families are frequently 
dysregulated in various diseases (Jiang et al., 2009; Ruepp et al., 2010; Ziebarth et al., 2012). 
miRNA family members have co-related functions due to the overlapping sets of targets. The 
redundant regulation of target genes maintains cellular homeostasis and counteract disease onset. 
The relative contribution of individual miRNA family members to target repression remains 
largely unexplored. miRNA family members frequently have subtle variations in their mature 
sequences, which increases number of specific targets and refine their repression in different 
tissues (Roush and Slack, 2008).  
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1.3.4.1.4 miRNA regulation of post-transcriptional gene expression 
The mechanism of the prost-transcriptional target gene repression by miRISC largely depends on 
the extent of the seed sequence complementarity and on the enzymatic activity of AGO protein. 
Additionally, miRNAs can function as a “switch” completely suppressing gene expression or as a 
“fine-tuner” modestly regulating target mRNA (Mukherji et al., 2011). Initial studies suggested 
that animal miRNAs repress their targets primarily at the level of translation, due to partial 
seed-target complementarity. miRNAs inhibit translation initiation by interfering with the factors 
which interact with 5’-cap and poly (A) tail, i.e. eukaryotic translation initiation factor 4G 
(eIF4G) and poly (A)-binding protein PABPC, respectively (Fig. 1.2, Humphreys et al., 2005; 
Pillai et al., 2005). miRNAs inhibit translation elongation independently of the 5’-cap through the 
internal ribosomal entry sites (IRES) causing the premature ribosomal drop-off (Petersen et al., 
2006). Recent quantitative genome-wide studies provided strong evidence that animal miRNAs 
also largely degrade their target mRNAs. In fact, mRNA degradation accounted for up to 80% of 
changes observed at the protein level in human cell lines (Fig. 1.2, Hendrickson et al., 2009; Guo 
et al., 2010). Animal miRNAs degrade their target mRNAs predominantly via cellular 5’-to-3’ 
decay pathway. The target mRNAs are first deadenylated by PAN2-PAN3 and CCR4-NOT 
deadenylase complexes (Wahle and Winkler, 2013), decapped by the decapping enzyme DCP2 
(Wang et al., 2002c), and then are degraded in the cytoplasm by major 5’-to-3’ exonuclease 
XRN1 (Bashkirov et al., 1997). In rare cases, where perfect seed-target complementarity is 
observed, selective incorporation of miRNA duplex into endonuclease-competent AGO-2 results 
in the cleavage of mRNA (Meister et al., 2004; Yekta et al., 2004). The debate whether mRNA 
degradation is an independent event is still ongoing. In the current model, miRNAs repress 
mRNA translation at first and then initiates target mRNA deadenylation and decay (Béthune et 
al., 2012; Djuranovic et al., 2012; Meijer et al., 2013).  
GW182 protein is required for miRNA-mediated gene silencing in animals (Liu et al., 2005b). It 
acts at the effector step of silencing, downstream of AGO (Eulalio et al., 2008). C. elegans 
contains two GW182 paralogues, AIN-1 and AIN-2 (Ding et al., 2005; Zhang et al., 2007). 
Several modes of GW182-mediated gene silencing were suggested. GW182 may compete with 
eIF4G for binding to PABPC, therefore preventing the mRNA circularization and inhibiting 
translation (Fabian et al., 2009; Zekri et al., 2009). Alternatively, GW182 interaction with 
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PABPC might provide additional platform for deadenylase binding, therefore exposing target 
mRNA to the 5’-to-3’ decay pathway (Fabian et al., 2009).  
Intriguingly, several reports showed that miRNAs not only act as repressors, but can also activate 
translation (Henke et al., 2008; Ørom et al., 2008). This adds another layer of complexity to the 
post-transcriptional regulation of gene expression. For example, the change of AGO-2-miRISC 
function was observed in HEK293 cells at the general growth arrest due to serum deprivation 
(Vasudevan et al., 2007). However, the mechanisms by which miRNAs might activate translation 
are not well understood yet.  
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1.4. Overview of my research 
In this dissertation, I was mainly interested in the characterization of additional regulatory aspects 
underlining germline apoptosis in C. elegans. As it was discussed above, germ line is the only 
proliferative and very dynamic tissue in the worm, which is highly susceptible to the subtle 
changes in animal biology. Thus, weak alterations in germ cell death are readily observable. 
Moreover, the effect of DNA damage on cell survival can be effectively investigated in the germ 
line. Although intrinsic noise is higher in the germ line, the members of the core apoptotic 
machinery rigidly control germ cell death. Nevertheless, several aspects of germline apoptosis 
regulation are not resolved yet. In fact, induction of the physiological germ cell death occurs 
through unknown mechanisms. What makes an apparently healthy germ cell become less 
preferred than the others? Are there any quality control genes which recognize unflavored germ 
cell conditions? Thus, I have developed two synthetic screening strategies to analyze upstream 
regulation of CED-9 specifically in the germ line (Chapter 3).  
Post-transcriptional control of gene expression defines new regulatory mode of germ cell death in 
C. elegans. Several RBPs influence germline apoptosis; however potential contribution of 
miRNAs is largely unexplored. I have analyzed 55 single and multiple miRNA mutants for their 
effect on germ cell death under the physiological conditions and following DNA damage. I have 
identified mir-52 as strong suppressor of DNA damage-induced germ cell death in C. elegans 
(Chapter 2). mir-52 is highly conserved miRNA, which is also frequently miss-regulated in 
human cancers. mir-242 and mir-249 are additional miRNAs, perturbations of which affect 
physiological and DNA damage-induced germline apoptosis in C. elegans (Appendix 1).  
I was also highly involved in two side projects, which were dealing with the effect of natural 
variation on gene expression. These are discussed in details in Appendix 2. 
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Fig. 1.1 Germline development and apoptosis. A. Embryonic origin of the germline (adapted 
from Strome, 2005; Rose and Gönczy, 2014). B. Schematic representation of adult 
hermaphrodite gonad with different DNA damage responses in mitotic and meiotic regions 
(adapted from Stergiou et al., 2004; Hillers et al. 2017). C. Regulation of the physiological 
germ cell apoptosis (adapted from Gartner et al., 2008). D. Regulation of the DNA damage-
induced germline apoptosis (adapted from Gartner et al., 2008). 
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Fig. 1.2 miRNA biogenesis. From Mulrane et al., 2013.  
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2.1 Preface 
In this chapter, I describe mir-52 as an additional regulator of germline apoptosis in C. elegans. I 
would like to highlight my contribution to the manuscript together with the contribution of other 
people involved. I have designed, performed, validated and optimized all apoptosis-related 
experiments mentioned in the manuscript. Ting Deng did the microinjection of the pPK1045 
plasmid. The manuscript was written by me under the guidance of Michael Hengartner. 
Additional findings on other miRNA mutants, which influence germline apoptosis in C. elegans, 
are described in Appendix 1. 
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2.2 Abstract 
Germline apoptosis is a conserved feature of oocyte development in mammals, insects and 
nematodes. In the C. elegans germ line, post-transcriptional regulation plays a major role in the 
control of gene expression. However, little is known about the impact of miRNAs on the 
regulation of germ cell death in C. elegans. Here, we show that mir-52 is required 
cell-autonomously for DNA damage-induced germline apoptosis. We found that two mir-52 
deletion mutants have strongly reduced levels of germline apoptosis following irradiation (IR). 
mir-52 is a member of the old, highly conserved mir-51 family. Other mir-51 family members did 
not display any changes in germ cell death. We also show that mir-52 promotes IR-induced 
germline apoptosis downstream or in parallel to cep-1. Human homologues of mir-51 family, 
mir-100 family, are frequently dysregulated in cancers.  
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2.3 Introduction 
Apoptotic removal of unwanted cells is crucial for animal development and tissue homeostasis. 
Dysregulation of apoptosis can lead to cancer as well as various neurodegenerative and immune 
disorders. In the C. elegans hermaphrodite, 131 out of the 1’090 somatic cells generated die in a 
highly reproducible manner during development (Sulston and Horvitz, 1977; Sulston et al., 
1983). Genetic studies of programmed cell death in C. elegans led to the identification of an 
evolutionarily conserved apoptotic machinery, which consists of the pro-apoptotic BH3-only 
protein EGL-1, the anti-apoptotic BCL-2 family member CED-9, the Apaf-1 homolog CED-4, 
and the caspase CED-3 (Yuan and Horvitz, 1990; Hengartner et al., 1992; Yuan and Horvitz, 
1992; Yuan et al., 1993; Hengartner and Horvitz, 1994a, 1994b; Xue et al., 1996; Zou et al., 
1997; Conradt and Horvitz, 1998; Shaham et al., 1999). In loss-of-function (lf) mutants of egl-1, 
ced-4, and ced-3, or in the gain-of-function ced-9(n1950), essentially all of the 131 somatic cells 
programmed to die survive (Ellis and Horvitz, 1986; Hengartner et al., 1992). 
Germline apoptosis is a conserved feature of oocyte development in mammals, insects and 
nematodes. In C. elegans hermaphrodites, more than half of the developing oocytes die, in an 
apparent stochastic manner, in the absence of any evident apoptotic stimulus in a process that has 
been called “physiological germ cell death” (Gumienny et al., 1999; Fox et al., 2011). Germ cells 
can also undergo apoptosis following genotoxic stress such as DNA double-strand breaks 
(Gartner et al., 2000; Derry et al., 2007; Stergiou et al., 2007). Like somatic cell death, germline 
apoptosis is also mediated by the core apoptotic machinery (ced-3, ced-4 and ced-9, Gumienny et 
al., 1999). Interestingly, while DNA damage-induced germline apoptosis requires transcriptional 
upregulation of egl-1 and another BH3-only gene ced-13 (which is mediated by p53 tumor 
suppressor homolog cep-1, Gartner et al., 2000; Hofmann et al., 2002; Schumacher et al., 2005a), 
physiological germ cell death is regulated via a BH3 domain-protein-independent process 
(Gumienny et al., 1999).  
In the C. elegans germ line, post-transcriptional regulation plays a major role in the control of 
gene expression (Nousch and Eckmann, 2013). Indeed, RNA-binding proteins (RBP) are 
significantly enriched in the germline transcriptome compared to somatic tissues (Wang et al., 
2009). Moreover, the spatio-temporal expression of many genes in C. elegans germ line is mainly 
regulated by their 3’-untranslated regions (3’UTRs, Schumacher et al., 2005b; Merritt et al., 
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2008; Subasic et al., 2016). Previous studies identified several RBPs that influence germline 
apoptosis in C. elegans. For example, GLD-1 is a KH-motif RBP which represses translation of 
cep-1 and ced-3 and thereby antagonizes germ cell death (Schumacher et al., 2005b; Subasic et 
al., 2016). GLA-3 is a TIS11-like RBP with two CCCH-like zinc-finger domains, which 
suppresses physiological and DNA damage-induced germ cell death at the level of MAPK 
signaling (Kritikou et al., 2006). Additionally, the constitutive P-granule components PGL-1 and 
PGL-3 were found to inhibit physiological and DNA damage-induced germline apoptosis by 
downregulating proteins levels of CED-4 and Sirtuin homolog SIR-2.1 (Min et al., 2016).  
By contrast, relatively little is known about the potential contribution of microRNAs (miRNAs) 
to the regulation of germ cell death in C. elegans. Genetic studies have identified the highly 
conserved mir-34 and members of the mir-58 family (which are homologous to the bantam 
miRNA in D. melanogaster) as positive regulators of IR-induced germline apoptosis (Kato et al., 
2009; Subasic et al., 2015). Further, mir-35 and mir-58 were recently shown to bind to the 3’UTR 
of egl-1 and reduce its expression in mothers of somatic cells fated to die (Sherrard et al., 2017). 
The mir-51 family (mir-100 family in mammals) is an old and highly conserved C. elegans 
miRNA family (Grimson et al., 2008). Members of the mir-100 family are aberrantly expressed 
in various human cancers and influence many different cellular pathways, including cell cycle 
progression, metabolism, differentiation, cell survival, migration, and epithelial mesenchymal 
transition (Li et al., 2015). The dysregulation of mir-100 family members serves as a biomarker 
for cancers with poor prognosis (Qin et al., 2015). In C. elegans, the mir-51 family includes six 
miRNAs with a highly conserved seed sequence (Grimson et al., 2008), which are tightly 
clustered on the chromosomes IV (mir-51, mir-53, and mir-52) and X (mir-56, mir-55, mir-54; 
Supplemental Fig. 2.1). mir-51 family members function in diverse developmental processes 
(Brenner et al., 2012), and deletion of all members of the mir-51 family is lethal (Alvarez-
Saavedra and Horvitz, 2010; Shaw et al., 2010).  
Here, we describe mir-52 as an additional regulator of DNA damage-induced apoptosis in 
C. elegans. We found that two mir-52 deletion mutants have strongly reduced levels of germline 
apoptosis following IR, whereas other members of the mir-51 family did not display any changes 
in germ cell death. We show that mir-52 promotes IR-induced germline apoptosis 
cell-autonomously, downstream or in parallel to cep-1.   
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2.4 Results 
2.4.1 Loss of mir-52 impairs DNA damage-induced germ cell death 
To identify new miRNAs that might influence germline apoptosis in C. elegans, we analyzed 55 
miRNA mutants (both single and multiple mutants, Table 2.1) for any effect on physiological and 
DNA damage-induced germ cell death. Two separate mir-52 deletion mutants, mir-52(n4114) 
and mir-52(n4100), showed a strong reduction in germline apoptosis following IR, while 
physiological germ cell death (Fig. 2.1A) and somatic cell death (data not shown) were not 
affected. The mir-52 alleles n4100 and n4114 are 398 bp and 148 bp deletions, which both delete 
the sequence coding for the mature miRNA (Supplemental Fig. 2.1A). Both alleles also affect 
Y37A1B.330 and Y37A1B.335, two small non-coding RNA genes, which are weakly expressed in 
wild-type embryos (Supplemental Fig. 2.1A, Lee et al., 2017). Y37A1B.335 is repressed by cep-1 
following IR, suggesting a potential anti-apoptotic role (Xu et al., 2014). Taking into account the 
pro-apoptotic nature of n4100 and n4114, we consider it unlikely that loss of Y37A1B.335 
contributes significantly to the defective apoptotic IR response observed in these mutants. The 
function of Y37A1B.330 is unknown. 
mir-52 mutants reach the L4/YA molt approximately three hours later than the wild type. To 
check whether the apoptotic defect is also present in older mir-52 worms, we performed a 
time-course analysis of germline apoptosis in mir-52 mutants. We observed a strong reduction of 
germ cell death post IR in both mir-52 deletion mutants at all time points tested (Fig. 2.1B). 
Interestingly, the IR-induced germ cell death defect of mir-52 mutants is temperature dependent: 
the reduction in germline apoptosis is weaker at 25 ˚C compared to 15 ˚C and 20 ˚C 
(Supplemental Fig. 2.2). The molecular basis for this temperature sensitivity is currently 
unknown. 
Several genes expressed in somatic tissues were found to regulate germline apoptosis cell 
non-autonomously in C. elegans (Ito et al., 2010; Sendoel et al., 2010; Al-Amin et al., 2016). 
mir-52 was shown to be ubiquitously expressed in somatic tissue throughout animal development 
(Shaw et al., 2010). Germline expression of mir-52 was not detected, however multicopy 
transgenes are often silenced in the C. elegans germ line (Shaw et al., 2010). To determine the 
site of action of mir-52 in germline apoptosis, we analyzed worms expressing mir-52 specifically 
in somatic tissue or in the germ line. The extra chromosomal array mjEx123, which restores 
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pharyngeal attachment to the hypodermis in mir-51 family mutants (Shaw et al., 2010), failed to 
rescue the germ cell death defects of mir-52 mutants (Fig. 2.2A, Supplemental Fig. 2.3A). By 
contrast, expression of mir-52 under the control of the germline-specific mex-5 promoter, 
restored germline apoptosis following IR (Fig. 2.2B, Supplemental Fig. 2.3B). These observations 
suggest that mir-52 is also expressed in germline and controls apoptosis cell-autonomously.  
2.4.2 Other mir-51 family members do not affect germ cell apoptosis 
The mir-51 family members have overlapping expression patterns in the soma (Shaw et al., 
2010). Moreover, multiple mutants of the family reveal a number of soma-specific synthetic 
phenotypes (Shaw et al., 2010; Brenner et al., 2012). To examine the possible effect of other 
mir-51 family members on germline apoptosis, we analyzed various additional single and 
multiple mutant combinations. mir-51 (n4473), mir-53(n4113) and mir-54-55-56 showed no 
changes in germ cell death, with or without IR (Fig. 2.3). Multiple mutants carrying a mir-52 
deletion were generally unhealthy and slow growing. Consistent with the previous observations, 
the slow growth phenotype was particularly noticeable in mir-52(n4114); mir-54-55-56(nDf58) 
and mir-53(n4113) mir-52(n4114); mir-54-55-56(nDf58) mutants (Alvarez-Saavedra and Horvitz, 
2010; Shaw et al., 2010). The exact staging of these worms was difficult, thus they were not 
pursued further. The allelic combination mir-51(n4473) mir-52(n4114); mir-54-55-56(nDf58) 
was lethal. We found that mir-51(n4473) mir-52(n4114) and mir-53(n4113) mir-52(n4114) 
worms had apoptotic levels comparable to those found in the mir-52(n4114) single mutant. All 
other multiple mutants of the family showed no changes in germline apoptosis (Fig. 2.3). Thus, 
while there is extensive redundancy between mir-51 family for the reported somatic phenotypes, 
DNA damage-induced germ cell apoptosis appears to rely solely on mir-52. 
2.4.3 Apoptotic cell clearance is not affected in mir-52 compromised worms 
Formally, the reduced number of germ cell corpses observed in mir-52 mutants following IR 
could be the result not of a defect in cell death, but rather due to faster corpse clearance. To 
distinguish between these two possibilities, we crossed mir-52(n4114) with mutants impaired in 
one of the two parallel engulfment pathways, i.e. ced-1(e1735) and ced-12(k149) (Gumienny et 
al., 2001; Zhou et al., 2001). No change in somatic cell corpse clearance was observed in 
ced-1(e1735); mir-52(n4114) and ced-12(k149); mir-52(n4114) animals (Fig. 2.4B). By contrast, 
germline apoptosis was slightly reduced in both double mutants, compared to the corresponding 
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ced-1(e1735) and ced-12(k149) single mutants (Fig. 2.4A, Supplemental Fig. 2.4) following IR 
and in non-irradiated animals. Given that loss of mir-52 reduced germ cell corpse numbers in 
both main engulfment pathway mutants, it is unlikely that mir-52(lf) promotes engulfment, as its 
effect should have been abrogated in at least one of the two pathway mutants. We suspect that 
mir-52 mutants might in fact also have a weak defect in physiological germ cell death (as hinted 
in Fig. 2.2A, Fig. 2.3 ) which becomes more obvious in mir-52 and engulfment double mutants 
due to excessive number of germ cell corpses (Fig. 2.4A, Supplemental Fig. 2.4). Taken together, 
our data show that loss of mir-52 weakly affects physiological and strongly blocks DNA 
damage-induced germline apoptosis.  
2.4.4 MAPK signaling is not responsible for mir-52(n4114) apoptotic defects upon IR 
Previous studies have shown that Ras/MAPK signaling is required for physiological (Gumienny 
et al., 1999) and DNA damage-induced (Rutkowski et al., 2011; Eberhard et al., 2013) germline 
apoptosis. Thus, we first asked whether the upregulation of Ras/MAPK signaling would rescue 
IR response defect of mir-52(n4114) mutant. Double mutants of mir-52 and mutants with 
upregulated MAPK signaling, i.e. let-60(ga89ts), let-60(n1046gf), lip-1(zh15), gla-3(op216) 
showed increased germ cell death following IR compared to mir-52(n4114) alone (Fig. 2.5A, 
Han et al., 1990; Eisenmann and Kim, 1997; Berset et al., 2001; Kritikou et al., 2006). However, 
this suppression was not complete, as the double mutants had less corpses than the corresponding 
let-60(ga89ts), let-60(n1046gf), lip-1(zh15), and gla-3(op216) single mutants.  
Next, we examined whether the apoptotic defects in mir-52(n4114) might be due to reduced 
MPK-1 phosphorylation. While total MPK-1 levels were slightly downregulated in mir-52 
mutants, levels of the activated germline-specific isoform MPK-1B (Lee et al., 2007) were 
slightly increased in mir-52(n4114) animals, both with and without IR (Fig. 2.5B). The increase 
in activated MPK-1B signal in mir-52 mutant might be a compensatory response to the slightly 
reduced total MAPK protein abundance. Our observations make it unlikely that the apoptotic 
defects in mir-52(n4114) mutants are due to defective Ras/MAPK signaling. 
2.4.5 Loss of mir-52 influences germline apoptosis downstream of or in parallel to cep-1 
We next asked whether the defects in mir-52(n4114) IR response were due to reduced activation 
of cep-1. The RNA-binding protein GLD-1 represses the translation of cep-1 (Schumacher et al., 
2005b). The gld-1 lf allele op236 causes a mild overexpression of cep-1 resulting in an increased 
 Chapter 2 
71 
basal level of germ cell apoptosis and increased sensitivity to IR. In gld-1(op236); mir-52(n4114) 
double mutants, germ cell death was strongly reduced at 20 ˚C compared to that in gld-1(op236) 
single mutant with and without IR (Fig. 2.6A). At 25 ˚C, the suppression of germline apoptosis 
was observed in young worms without IR (Fig. 2.6A). Thus, the overexpression of cep-1 did not 
rescue the apoptotic defects of mir-52(n4114). This suggests that loss of mir-52 affects germline 
apoptosis downstream of cep-1 or in parallel to it. 
2.4.6 mir-52(n4114) suppresses germline apoptosis of ced-9(n1653ts) 
Finally, we examined whether mir-52 influences the components of the core apoptotic 
machinery. We built the double mutant between mir-52(n4114) and temperature-sensitive ced-9 
hypomorphic allele n1653 and analyzed it for the alterations in germ cell death. As previously 
noticed with the engulfment double mutants, we observed that ced-9(n1653ts); mir-52(n4114) 
animals had decreased levels of germ cell death even in the absence of external DNA damage, 
suggesting that loss of mir-52 results directly or indirectly in a weak defect of physiological germ 
cell death (Fig. 2.6B). The IR-dependent increase of germline apoptosis in the double mutant was 
weaker that in the ced-9(n1653ts) single mutant (Fig. 2.6B), suggesting that loss of mir-52 might 
be able to affect germ cell death either independently or downstream of ced-9. A major caviat of 
this conclusion is that ced-9(n1653ts) is not a null allele, and the results from the double mutant 
must thus be interpreted with great caution. 
2.4.7 mir-52(n4114) alters subcellular localization pattern of CED-3::GFP in the germ line 
We also asked whether suppression in germline apoptosis in mir-52(n4114) mutants is 
accompanied by any changes in the expression pattern of CED-3 caspase. Interestingly, we 
observed less punctuate distribution pattern of CED-3::GFP around the perinuclear space in the 
germline of ced-3(n717) mir-52(n4114) double mutants carrying translational ced-3::gfp 
wild-type reporter, opIs461 (Fig. 2.7B, Subasic et al., 2016). However, the potential contribution 
of this change to the observed apoptotic phenotype remains to be investigated. 
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2.5 Discussion and Outlook 
We undertook a reverse genetic screen to identify additional miRNAs that affect germ cell death 
in C. elegans. We found that the highly conserved miRNA mir-52 is required for DNA 
damage-induced germline apoptosis. mir-52 deletion mutants have strongly reduced levels of 
germ cell death following IR. Applying tissue-specific rescue transgenes, we demonstrated that 
mir-52 acts cell-autonomously to promote germline apoptosis following IR. In addition to the 
IR-response defect, we also observed a weak suppression of physiological germline apoptosis in 
mir-52 mutants. The phenotype was confirmed in mir-52 and engulfment double mutants. Thus, 
mir-52 slightly enhances germline apoptosis under physiological conditions, and its pro-apoptotic 
function becomes more evident upon increased DNA damage. Interestingly, the suppression of 
germline apoptosis was much weaker in mir-52 mutants grown at 25 ˚C. Given that 
temperature-induced changes in gene expression and function were reported previously in 
C. elegans (Mertenskötter et al., 2013; Zhang et al., 2015; Chen et al., 2016), it is conceivable 
that such alterations could counterbalance the loss of mir-52 at higher temperature. The 
genome-wide analysis of altered gene expression in mir-52 mutants at different temperatures 
would probably reveal molecular nature of the detected temperature sensitivity. 
The mir-51 family members have overlapping functions in the soma (Shaw et al., 2010; Brenner 
et al., 2012). We analyzed multiple mutants of the mir-51 family for the defects in germline 
apoptosis and concluded that mir-52 regulates germline apoptosis independently of other mir-51 
family members. Such differences in regulation suggest distinct functions of the mir-51 family in 
the germ line and somatic tissue. It should be noted, however, that mutants carrying simultaneous 
deletions of mir-52 and mir-54-55-56 were not analyzed due to their extreme slow growing 
phenotype (Alvarez-Saavedra and Horvitz, 2010; Shaw et al., 2010). The contribution of mir-51 
family members to the range of developmental processes was deduced as mir-52 ≅  mir-54-55-56 
 > mir-51  > mir-53 (Alvarez-Saavedra and Horvitz, 2010). We did not observed any changes of 
germline apoptosis in mir-54-55-56 mutants alone. Nevertheless, a weak contribution of 
mir-54-55-56 to the apoptotic phenotype observed in mir-52 mutants following IR cannot be 
excluded. To confirm that mir-54-55-56 function exclusively in somatic tissue, germline-specific 
rescue of mir-54-55-56 in mir-52(n4114) animals could be used.  
Many genes and regulatory pathway are known to influence germ cell death in C. elegans. 
Upregulation of RAS/MAPK signaling partially rescued apoptotic response in mir-52 mutants, 
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Moreover, phosphorylated MPK-1 levels in whole worm protein extracts were slightly increased 
in mir-52(n4114) worms. Thus, it is rather unlikely that the apoptotic defects in mir-52(n4114) 
mutants were caused by defective Ras/MAPK signaling. To support the data explicitly, 
quantification of RAS/MAPK signaling might be performed using dissected gonads of mir-52 
mutants.  
DNA damage checkpoint signaling triggers apoptosis of meiotic germ cells via cep-1. In mir-52 
mutants, suppression of germ cell death upon IR was not caused by a reduced activation of cep-1 
itself, because cep-1 overexpression failed to rescue the apoptotic defects of mir-52(n4114). We 
will next analyze whether loss of mir-52 might specifically alter transcriptional upregulation of 
cep-1 downstream targets egl-1 and ced-13. Notably, several molecules were shown to promote 
mitotic germ cell cycle arrest and apoptosis independently of the canonical DNA damage 
response pathway (Deng et al., 2008; Greiss et al., 2008; Bailly et al., 2010). Thus, we cannot 
exclude that mir-52 might affect germline apoptosis at the level of DNA damage checkpoint 
signaling independently of cep-1. To examine whether apoptotic defects in mir-52 mutants were 
caused by the inability to respond to DNA damage, size and number of the mitotic germ cells will 
be quantified. rad-51, the C. elegans homolog of bacterial RecA, which interacts with members 
of DNA damage checkpoint signaling for proper meiotic recombination (Alpi et al., 2003). 
Downregulation of rad-51 results in accumulation of unprocessed double strand breaks in meiotic 
germ cells (Gartner et al., 2000). Hence, rad-51(RNAi) might be also used to analyze whether 
DNA damage checkpoint signaling is compromised in mir-52 mutants. 
We observed weak suppression of germline apoptosis in ced-9(n1653ts); mir-52(n4114) double 
mutants without IR, further confirming that mir-52 also influences physiological germline 
apoptosis. The reduction of germ cell death in ced-9(n1653ts); mir-52(n4114) animals was even 
stronger following DNA damage, suggesting that loss of mir-52 might affect germline apoptosis 
either independently or downstream of ced-9. Importantly, n1653ts is a hypomorpic 
loss-of-function allele. Therefore, the observed phenotype might be also caused by altered signal 
transduction downstream of the compromised DNA damage check point signaling or other 
upstream regulatory pathway, independently of cep-1. To narrow down the site of action of 
mir-52, we will examine the brood size of mir-52 and ced-9 double mutants using the strong 
ced-9 lf allele, n2161. 
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In addition to the apoptotic defect, mir-52 mutants also showed a more diffuse distribution 
pattern of CED-3::GFP (i.e. reduce intensity of perinuclear patches). A perinuclear localization 
was also reported for CED-4, both in somatic tissues and in the germ line (Pourkarimi et al., 
2012). Moreover, perinuclear CED-4 increased in germ cells following IR (Deng et al., 2008; 
Greiss et al., 2008; Pourkarimi et al., 2012). However, the increased accumulation of CED-4 in 
response to apoptotic stimuli was not sufficient to trigger germ cell death (Pourkarimi et al., 
2012). Thus, altered localization pattern of CED-3 in mir-52 mutants might have 
apoptosis-specific as well as apoptosis independent function. Because ced-3 auto-proteolytic 
activation is dependent on ced-4, we will also examine CED-4 localization pattern in mir-52 
mutants. Notably, mRNAs for members of the core apoptotic machinery do not have obvious 
mir-52 binding sites. Therefore, we assume that the effect of mir-52 deletion on CED-3 
localization and suppression of germline apoptosis in ced-9(n1653ts) worms might be indirect.  
Hypoxia-inducible factor 1 (HIF-1) inhibits germline apoptosis following IR (Sendoel et al., 
2010). Under normoxic conditions, HIF-1 is targeted for proteolytic degradation via 
hydroxylation of specific proline residues by the egl-9, prolyl hydroxylase (Epstein et al., 2001; 
Jiang et al., 2001). In egl-9(lf) mutants, HIF-1 accumulates in a manner similar to that observed 
under hypoxic conditions (Epstein et al., 2001). The 3’UTR of egl-9 carries a very good 
candidate mir-52 binding site (Friedman et al., 2009; Jan et al., 2011). Taking into account 
apoptosis the suppressive nature of HIF-1, it would be interesting to analyze the expression of 
egl-9 in mir-52 mutants in response to IR. Remarkably, hypoxia-dependent downregulation of 
mir-100 was observed in bladder cancer cell lines and in breast cancer tumor samples in humans 
(Blick et al., 2013). Moreover, transfection of bladder cancer cell lines with a mir-100 mimic 
under hypoxic conditions reduced cell growth (Blick et al., 2013). 
Taken together, our data suggest that mir-52 is a cell-autonomous enhancer of physiological and 
DNA damage-induced germline apoptosis. Other members of the mir-51 family do not appear to 
affect germ cell death. mir-52 likely influences germline apoptosis downstream or in parallel to 
cep-1. However, further investigations will be needed to uncover the exact mode of action of 
mir-52. 
 
  
 Chapter 2 
75 
2.6 Materials and Methods 
2.6.1 C.  elegans maintenance and strains 
All strains were grown at 20 ˚C (unless indicated otherwise) on NGM agar plates seeded with 
E. coli OP50 strain according to standard procedures (Brenner, 1974). The Bristol N2 strain was 
used as the wild type.  
The following alleles and transgenes were used in this study: LGI: gla-3(op216), cep-1(gk138), 
ced-1(e1735), ced-12(k149), gld-1(op236); LGII: opIs537 [Pmex-5::mir-52 (promoterless)] (this 
study); LGIII: mpk-1(ga111), ced-4(n1162); LGIV: mir-52(n4114), mir-52(n4100), 
mir-51(n4473), mir-53(n4113), mir-51 mir-53(nDf67), let-60(n1046), let-60(ga89), lip-1(zh15), 
ced-3(n717); LGX: mir-54-55-56(nDf58). All mutations are described in WormBase 
(http://www.wormbase.org, Stein et al., 2001). In addition, the multicopy transgene opIs461 
[Pced-3::ced-3::gfp::ced-3(3′ UTR)] (Subasic et al., 2016) and extrachromosomal arrays mjEx123 
[mir-52 (genomic) + Pdlg-1::dlg-1-mcherry)] (Shaw et al., 2010) were used.  
2.6.2. Generation of transgenic line 
The single-copy insertion allele opIs537 was generated by Mos1 transposase-mediated 
single-copy gene insertion (MosSCI, Frøkjær-Jensen et al., 2012) using EG6699 strain 
[ttTi5605; unc-119(ed3)]. The germline-specific mir-52 rescue plasmid was constructed using 
MultiSite Gateway cloning (Life Technologies). The mir-52 promoterless 1’233 base pairs (bp) 
fragment was amplified using the primers 5´-GGGGACAAGTTTGTACAAAAAA 
GCAGGCTTACTACTACTACTCCTACAACTACAA-3´ and 5´-GGGGACCACTTTGTAC 
AAGAAAGCTGGGTGCTGTAAAATATATCATTCCAGTGAA-3´ primers and inserted into 
the pDONR 221 vector. The p2R-P3 vector includes a non-coding 127 bp sequence from 
chromosome IV amplified with 5´-GGGGACAGCTTTCTTGTACAAAGTGGTTACCAATTCT 
TATTAAATAAACAAA-3´ and 5´-GGGGACAACTTTGTATAATAAAGTTGGAGGTTTGG 
AGCCAACAGGCGTGTGG-3´ primers. A pDONR P4 P1R vector carrying genomic 488 bp 
promoter fragment immediately upstream of the mex-5 start codon (kind gift from B. Conradt) 
was recombined with the pDONR 221 and p2R-P3 vectors according to the manufacturer’s 
instructions to generate the pPK1045 plasmid.  
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2.6.3 Apoptotic assays 
Apoptotic corpses were quantified as previously described (Sulston and Horvitz, 1977; 
Gumienny et al., 1999) at 20 ˚C (unless indicated otherwise). The starting point for adulthood 
was defined when the majority (~80%) of the bleach-synchronized animals passed L4/YA molt 
(14h post “Christmas tree” vulva in wild-type worms under standard conditions). To analyze 
DNA damage-induced germ cell death, worms were irradiated with 60 Gy (X-ray, Rad Source 
2000) at the L4/YA molt. Animals were anesthetized in a drop of 5mM levamisole, and apoptotic 
corpses were counted using differential interference contrast (DIC) microscopy. For the 
temperature sensitivity assays, worms were shifted to 15 ˚C or 25 ˚C as L1 larvae. gla-3(op216) 
was used as a positive control for the increased number of germ cell corpses with and without IR; 
cep-1(gk138) was used as a negative control for the reduced number of germ cell corpses 
following IR. 
2.6.4 Western blot 
Bleach-synchronized gravid worms (18h post L4/YA molt) were irradiated with 0 Gy, 60 Gy and 
collected 4h later. Gravid adults were washed three times in M9 buffer and frozen in liquid 
nitrogen. To extract proteins, worms were sonicated on ice for 10min at 320 W power (30s 
sonication + 1 min break) using UCD-200 Bioruptor Standart sonicator (Diagenode) in the freshly 
prepared RIPA buffer (50mM Tris-HCl, pH 8, 150mM NaCl, 0.5% deoxycholate, 1% NP40, 
0.1% SDS, 1 tablet/10ml PhosStop EASYpack phosphatase inhibitor (Roche), 1 tablet/10mL 
Complete Mini protease inhibitor (Roche)) in the ratio of 1 : 2 (worms : buffer). Protein 
concentration was determined using Pierce
TM
 660-nm protein assay (ThermoFisher). Protein 
samples were boiled in Laemmli buffer for 10 min. 20 µg of protein extracts were resolved on a 
4%-12% Bis-Tris NuPage gel and transferred to PVDF membrane using a wet blot chamber 
(Invitrogen, XCell II™ Blot). The membranes were blocked with 5% milk in PBST for 1h and 
probed with phosphorylated ERK (M8159, Sigma-Aldrich, 1:5000, mouse), ERK (M5670, 
Sigma-Aldrich, 1:500, rabbit), and α-tubulin (T6074, Sigma-Aldrich, 1∶3000, mouse) specific 
antibodies. Secondary antibodies were anti-mouse HRP (A9044, Sigma-Aldrich, 1:3000) and 
anti-rabbit HRP (A0545, Sigma-Aldrich, 1:1000). Primary antibodies were incubated over night 
at 4 ˚C. Secondary antibodies were incubated for 1h at room temperature. The relative band 
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intensities were quantified using FUSION SL (Vilber) image analyzer, FusionCapt Advance 
software, and normalized to tubulin. 
2.6.5 Microscopy 
Fluorescent images were acquired on Leica DM6000 B (Leica Microsystems) microscope 
equipped with Leica DFC360 FX camera (pixel size: 6.45µm x 6.45µm) controlled by LAS 
AF6000 imaging software (Leica Microsystems). Fluorescent images were acquired with the 
same exposure times, intensities, and gain for all samples. Images were enhanced for brightness 
and contrast to the same extent with ImageJ (Collins, 2007) and Photoshop (Adobe Systems). 
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2.10 Figure Legends 
Fig. 2.1 Loss of mir-52 impairs DNA damage-induced germ cell death. A. Germline apoptosis 
is strongly reduced upon IR in mir-52(n4114) and mir-52(n4100) animals. Young adults were 
irradiated with 60 Gy and analyzed 24h later (n=30 animals/genotype). B. IR-induced germ cell 
death is also impaired in older mir-52 deletion mutants. Young adults were irradiated, and 
analyzed at the indicated time points post L4/YA molt (n=30 animals/genotype). Solid lines 
represent the data of the untreated worms; dashed lines represent the data of the irradiated worms. 
Data shown are average number of apoptotic cells ± standard deviation (SD) for three replicates. 
P-values in (A) were generated using Benjamini-Hochberg corrected paired t-test between 
mutants and wild type, where ** represents the p-value < 0.01. 
Fig. 2.2 mir-52 controls germline apoptosis cell-autonomously. A. Soma-specific mir-52 
expression from the extrachromosomal array mjEx123 did not rescue DNA damage-induced 
germline apoptotic defects of mir-52(n4114) animals. B. Germline-specific rescue of mir-52, 
opIs537, restored wild-type levels of germ cell death following IR. Number of germ cell corpses 
were quantified during physiological (0 Gy) and DNA damage-induced (60 Gy) germline 
apoptosis in worms irradiated at young adult stage and analyzed 24h later (n=30 
animals/genotype). Data shown are average number of germ cell corpses ± SD for three 
replicates. P-values were generated using Benjamini-Hochberg corrected paired t-test, where 
* represents the p-value < 0.05, **- p-value < 0.01. 
Fig. 2.3 Other mir-51 family members do not contribute to IR-induced germ cell death. 
Germ cell corpses were scored with and without IR in single and multiple mutants of mir-51 
family. Young adults were irradiated with 60 Gy and analyzed 24h later (n=30 
animals/genotype). Data shown are average number of germ cell corpses ± SD for three 
replicates. P-values were generated using Benjamini-Hochberg corrected paired t-test, where 
** represents the p-value < 0.01. 
Fig. 2.4 Apoptotic cell corpse clearance is normal in mir-52 mutants. A. Germ cell corpses are 
slightly reduced in engulfment competent and IR-defective mir-52 mutants. Young adults were 
irradiated with 60 Gy and analyzed 12h later (n=30 animals/genotype). B. Somatic cell corpse 
clearance is not affected in mir-52 mutants. Cell corpses were quantified in the head region of 
freshly hatched L1 larvae (n=25 animals/genotype). Data shown are average number of germ cell 
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corpses ± SD for three replicates. P-values in (A) were generated using Benjamini-Hochberg 
corrected paired t-test, where * represents the p-value < 0.05, **- p-value < 0.01. 
Fig. 2.5 mir-52(n4114) likely acts independently of the MAPK signaling pathway to control 
IR-induced germ cell death. A. Activated MAPK signaling pathway does not fully rescue the 
apoptotic defects of mir-52(n4114). Quantification of germ cell corpses during physiological 
(0 Gy) and DNA damage-induced (60 Gy) apoptosis was performed in the double mutants of 
mir-52 and mutants with upregulated MAPK signaling. Young adults were irradiated with 60 Gy 
and analyzed 24h later (n=30 animals/genotype). Data shown are average number of germ cell 
corpses ± SD for three replicates. B. Total MPK-1 levels are slightly reduced and phosphorylated 
MPK-1 levels are slightly increased in mir-52(n4114) worms. Western blot analysis of 
Ras/MAPK signaling in mir-52(n4114) mutants with (60 Gy) and without (0 Gy) IR was 
performed using monoclonal anti-P-ERK and anti-ERK antibodies. mpk-1(ga111) served as 
negative control, and α-tubulin - as internal loading control. Data are representative of average 
band intensities compared to N2 ± SD for three replicates (a.u. - arbitrary units). Benjamini-
Hochberg corrected P-values in (A) were generated using paired t-test, where * represents the 
p-value < 0.05, **- p-value < 0.01. 
Fig. 2.6 Loss of mir-52 affects germline apoptosis downstream of or in parallel to cep-1. 
A. mir-52(n4114) suppresses increased germ cell death due to cep-1 overexpression. 
Quantification of germ cell corpses during physiological (0 Gy) and DNA damage-induced 
(60 Gy) apoptosis was performed in synchronized worms at the indicated temperature and time 
post L4/YA molt (n=30 animals/genotype). B. ced-9(n1653ts); mir-52(n4114) animals show 
reduced levels of germline apoptosis at the physiological conditions and in response to DNA 
damage. Data shown are average number of germ cell corpses ± SD for three replicates. 
Benjamini-Hochberg corrected P-values were generated using paired t-test, where * represents 
the p-value < 0.05, **- p-value < 0.01.  
Fig. 2.7 CED-3::GFP localization pattern is changed in mir-52(n4114) mutant. Fluorescence 
photomicrographs of ced-3(n717) mir-52(n4114) worms which carry opIs461 [Pced-3::ced-
3::gfp::ced-3(3′ UTR)] transgene are shown. ced-3(n717); opIs461 animals were used as a 
control.  Synchronized worms were analyzed in triplicates 24h post L4/YA molt (n=10 
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animals/genotype) during physiological (0 Gy) and DNA damage-induced (60 Gy) apoptosis at 
20 ˚C. Scale bar - 10µm. 
Table 2.1 55 miRNA mutants were analyzed for the defects in germline apoptosis. Number 
of germ cell corpses was quantified in 55 miRNA mutants once or twice in the primary screen. 
Selected candidates were then analyzed in triplicates in the secondary screen. Quantification of 
germ cell corpses during physiological (0 Gy) and DNA damage-induced (60 Gy) apoptosis was 
performed in synchronized worms at 20 ˚C, 24h post L4/YA molt (n=20 animals/genotype). 
“snoRNA“ stands for small nucleolar RNAs, non-coding RNAs are marked with “ncRNA”, “PC” 
represents protein coding genes. 
Supplemental Fig. 2.1 The genomic location of mir-51 family and structure of mir-52 
germline-specific rescue transgene. A. mir-51 family members are tightly clustered on the 
chromosomes IV and X. B. Fragment of pPK1045 plasmid, which carries Pmex-5::mir-52  rescue 
transgene. 
Supplemental Fig. 2.2 The requirement of mir-52 for DNA-damage induced germ cell death 
is temperature dependent. Apoptotic defects in mir-52 mutants are strong at 15 ˚C (A), but at 
25 ˚C, loss of mir-52 only partially prevents IR-induced germ cell death (B). Quantification of 
germ cell corpses during physiological (0 Gy) and DNA damaged-induced (60 Gy) apoptosis was 
performed in synchronized worms at the indicated time post L4/YA molt for the corresponding 
temperatures (n=30 animals/genotype). Data shown are average number of germ cell 
corpses ± SD for three replicates. Benjamini-Hochberg corrected P-values were generated using 
paired t-test, where * represents the p-value < 0.05. Samples marked with “n.d.” were not scored. 
Supplemental Fig. 2.3 mir-52 tissue-specific rescue of germline apoptosis at 25 ˚C. 
A. Somatic mir-52 expression partially rescues the defects of DNA damage-induced germline 
apoptosis in mir-52(n4114) worms at 25 ˚C. B Gemline-specific expression of mir-52 fully 
rescues the defects of germline apoptosis following IR at 25 ˚C. Synchronized worms at the 
indicated time post L4/YA molt for the corresponding temperatures were analyzed (n=30 
animals/genotype). Data shown are average number of germ cell corpses ± SD for three 
replicates. Benjamini-Hochberg corrected P-values were generated using paired t-test, where 
* represents the p-value < 0.05. Samples marked with “n.d.” were not scored. 
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Supplemental Fig. 2.4 Physiological germline apoptosis is slightly reduced in mir-52 and 
engulfment double mutants. Number of germ cell corpses was quantified in synchronized 
worms 24h post L4/YA molt (n=30 animals/genotype) during physiological (0 Gy) germline 
apoptosis at 20 ˚C. Data shown are average number of germ cell corpses ± SD for three replicates. 
P-values were generated using Benjamini-Hochberg corrected paired t-test, where * represents 
the p-value < 0.05, **- p-value < 0.01. 
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1st 2nd  Mean 1st 2nd Mean 1st 2nd 3rd Mean SD 1st 2nd 3rd Mean SD 
VC576 mir-1 gk276 I T09B4.14 (ncRNA) 0.70  --- 0.70 2.64  --- 2.64  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16762 mir-256 n4471 V mec-1 2.40  --- 2.40 4.60  --- 4.60  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14445 mir-1; mir-256 n4102 I; n4471 V Chr. I: T09B4.14 (ncRNA), T09B4.17 (ncRNA), Chr. V: mec-1 0.79 0.88
0.83 2.35 1.31 1.83  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
VC1051 mir-34 gk437 I  --- 1.00 0.75 0.88 2.70 3.48 3.09  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT13406 mir-34 n4276 X  --- 2.60  --- 2.60 6.12  --- 6.12  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14752 mir-35-44; nEx1188 [mir-35 mir-45 (genomic) + sur-5::GFP]
nDf50 nDf49 II; 
nEx1188
 F54D5.12 (PC), 
Y62F5A.15 (ncRNA), 
Y62F5A.9 (ncRNA), 
Y62F5A.14 (ncRNA), 
ZK930.12 (ncRNA), 
ZK930.15 (snoRNA)
1.00 1.80 1.40 4.28 5.24 4.76  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT13372 mir-42-44 nDf49 II ZK930.12 (ncRNA), ZK930.15 (snoRNA) 4.05
4.05 6.00 6.00 4.50 0.83 3.22 2.85 1.52  ---  ---  ---  ---  --- 
MT14117 mir-2; mir-42-44 n4108 I; nDf49 II
Chr. I: ppfr-1 ; Chr. II: 
ZK930.12 (ncRNA), 
ZK930.15 (snoRNA)
1.40 2.05 1.73 6.68 5.44 6.06  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14875 mir-61 mir-250 nDf59 V sel-11 1.10  --- 1.10 4.36  --- 4.36  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT17431 mir-42-44; mir-61 mir-250; mir-247 mir-797
nDf49 II; nDf59 V; 
n4505 X
Chr. II: ZK930.12 (ncRNA), 
ZK930.15 (snoRNA); Chr. V: sel-11 0.75  --- 
0.75 1.28  --- 1.28  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT17848 mir-2; mir-42-44; mir-61, mir-250; mir-247, mir-797
n4108 I; nDf49 II; 
nDf59 V; n4505 X
Chr. I: ppfr-1 ; Chr. II: 
ZK930.12 (ncRNA), 
ZK930.15 (snoRNA); Chr. V: sel-11
0.65  --- 0.65 0.68  --- 0.68  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14993 mir-46; mir-47 n4475 III; gk167 X Chr. III: ZK525.4 (ncRNA) 2.30 2.20 2.25 5.28 9.64 7.46 2.68 2.59 2.54 2.60 0.06 4.46 5.14 5.11 4.90 0.32
MT12956 mir-49 n4103 X  --- 0.90  --- 0.90 5.40  --- 5.40  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15501 mir-83 n4638 IV C06A6.9 (ncRNA) 1.65  --- 1.65 3.76  --- 3.76  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT13433 mir-45 n4280 II top-2 , ZK930.13 (ncRNA) 1.35  --- 1.35 3.96  --- 3.96  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT12945 mir-52 n4100 IV Y37A1B.335 (ncRNA), Y37A1B.330 (ncRNA) 0.20  --- 
0.20 0.72  --- 0.72 0.47 0.46 0.87 0.60 0.19 1.57 0.34 2.06 1.32 0.72
MT12990 mir-52 n4114 IV Y37A1B.335 (ncRNA), Y37A1B.330 (ncRNA) 0.60  --- 
0.60 1.56  --- 1.56 0.33 0.86 0.35 0.51 0.24 1.41 1.77 1.17 1.45 0.25
MT14767 mir-54-56 nDf58 X F09A5.11 (ncRNA) 0.80  --- 0.80 1.64  --- 1.64  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
Primary screen Secondary screen
0 Gy 60 Gy 0 Gy 60 GyStrain miRNAs analyzed Alleles Other genes affected
Table 2.1, Kamkina et. al.
96
Chapter 2
Table 2.1 continued, Kamkina et. al.
97
1st 2nd  Mean 1st 2nd Mean 1st 2nd 3rd Mean SD 1st 2nd 3rd Mean SD 
MT17429  mir-53 mir-51 nDf67 IV F36H1.17 (ncRNA), alh-3 0.60  --- 0.60 3.36  --- 3.36  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT17137 mir-51; mir-54-56 n4473 IV; nDf58 X Chr. IV: F36H1.17 (ncRNA), alh-3 ; Chr. X: F09A5.11 (ncRNA) 0.40  --- 
0.40 1.44  --- 1.44  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT17136  mir-53 mir-51; mir-54-56 nDf67 IV; nDf58 X Chr. IV: F36H1.17  (ncRNA), alh-3 ; Chr. X: F09A5.11 (ncRNA) 1.15  --- 
1.15 0.84  --- 0.84  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT17143 mir-53 mir-51 mir-52/nT1[qIs51] (IV;V); mir-54-56
nDf67 
n4114/nT1[qIs51] 
(IV;V); nDf58 X
Chr. IV: F36H1.17 (ncRNA), alh-3, 
Y37A1B.335 (ncRNA), 
Y37A1B.330 (ncRNA); Chr. X: 
F09A5.11 (ncRNA)
0.65  --- 0.65 0.56  --- 0.56  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15024 mir-58.1 n4640 IV Y67D8A.6 (ncRNA), Y67D8A.2 (PC) 1.00  --- 1.00 2.56  --- 2.56  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15563 mir-80; mir-58.1; mir-81, mir-82 nDf53 III; n4640 IV; nDf54 X
Chr. III: K01F9.6 (ncRNA), Chr. IV: 
Y67D8A.6 (ncRNA), Y67D8A.2 (PC), 
Chr. X: T07D1.2( PC)
0.55 0.40 0.48 1.68 1.08 1.38  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14935 mir-59 n4604 IV  --- 3.00 4.20 3.60 6.16 6.32 6.24  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
VT1289 mir-63 n4568 X  --- 1.80  --- 1.80 3.48  --- 3.48  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16495 mir-64-66,       mir-229 nDf63 III gcn-1 0.44 0.70 0.57 2.25 1.85 2.05  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
SX79 mir-64 mir-229; mir-228; mir-124 nDf52 II; n4382 IV; n4255 IV
Chr. II: gcn-1 Chr. IV: 21ur-11442, 
21ur-9840, 21ur-6620, 21ur-8162, 
T12E12.44 (ncRNA)  
C29E6.8 (ncRNA), trpa-1
2.00 0.85 1.43 4.20 2.60 3.40  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14765 mir-68 n4569 IV  --- 1.25  --- 1.25 2.92  --- 2.92  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
VT1362 mir-70 n4109 V pmp-5 1.60  --- 1.60 3.24  --- 3.24  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT17428 mir-72; mir-73 mir-74 n4130 II; nDf47 X
Chr. II: pqn-42 ; Chr. X: 
T24D8.14 (ncRNA), 
T24D8.16 (ncRNA)
1.80  --- 1.80 2.44  --- 2.44  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
SX34 mir-71; mir-72; mir-73 mir-74 n4105 I; n4130 II; nDf47 X
Chr. I: F16A11.6( ncRNA), ppfr-1; 
Chr. II: pqn-42, Chr. X: 
T24D8.14 (ncRNA), 
T24D8.16 (ncRNA)
3.70 2.05 2.88 5.28 3.68 4.48  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14448 mir-79; mir-75 n4126 I; n4472 X Chr. I: C12C8.6 (ncRNA) 2.60 1.85 2.23 2.36 2.92 2.64  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14451 mir-76 n4474 I C44B11.4 (PC) 1.55  --- 1.55 3.12  --- 3.12  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16311 mir-77 n4286 II T21B4.20 (snoRNA) 1.10  --- 1.10 3.36  --- 3.36  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15021 mir-78 n4637 IV 21ur-9765, 21ur-9780,  21ur-10635, 21ur-1935, 21ur-14536, 21ur-10414 1.55  --- 
1.55 4.12  --- 4.12  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16336 mir-86 mir-8211 n4607 III Y56A3A.7 (PC) 0.60  --- 0.60 3.60  --- 3.60  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15981 mir-87; mir-233 n4104 V; n4761 X Chr. V: F10C2.11 (ncRNA), kup-1 , Chr. X: W03G11.4 (PC) 1.20 1.55
1.38 3.36 2.84 3.10  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
Secondary screen
0 Gy 60 Gy 0 Gy 60 GyStrain miRNAs analyzed Alleles Other genes affected
Primary screen
Chapter 2
1st 2nd  Mean 1st 2nd Mean 1st 2nd 3rd Mean SD 1st 2nd 3rd Mean SD 
MT15517 mir-233 n4761 X W03G11.4 (PC) 1.80  --- 1.80 5.12  --- 5.12  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14449 mir-232 nDf56 IV F13H10.5 (PC) 0.50 0.81 0.66 2.70 2.90 2.80  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15019 mir-357 mir-358 nDf60 symk-1 , F25G6.1 (PC) 2.75  --- 2.75 5.72  --- 5.72  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14588 mir-234 n4520 II C13B4.6 (ncRNA) 0.60  --- 0.60 3.88  --- 3.88  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT17997 mir-235 n4504 I  --- 0.60  --- 0.60 2.00  --- 2.00 1.47 1.58 2.73 1.93 0.57  ---  ---  ---  ---  --- 
MT16061 mir-238; mir-239.2 mir-239.1 n4112 III; nDf62 X Chr. X: C34E11.9 (ncRNA), C34E11.20 (snoRNA) 0.95 1.85
1.40 4.20 5.00 4.60  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15873 mir-240 mir-786 mir-8203 n4541 X  --- 0.85  --- 0.85 4.04  --- 4.04  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14936 mir-242 n4605 IV nhr-78 8.00  --- 8.00 5.64  --- 5.64 5.53 4.96 5.83 5.44 0.36 7.26 8.69 8.57 8.17 0.65
MT16337 mir-245 n4798 I F55D12.8 (ncRNA) 1.00  --- 1.00 3.08  --- 3.08  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16848 mir-249 n4983 X  --- 0.50  --- 0.50 0.36  --- 0.36 0.91 0.46 1.03 0.80 0.25 1.92 2.51 3.00 2.48 0.44
MT16335 mir-251 n4606 X  --- 0.85  --- 0.85 2.16  --- 2.16  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16317 mir-252; mir-251 n4570 II; n4606 X
Chr. II: W02B12.17 (ncRNA), 
W02B12.18 (ncRNA), 
W02B12.13 (PC)
1.30 0.85 1.08 3.40 3.64 3.52  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16060 mir-253 nDf64 V
F44E7.14 (ncRNA), 
F44E7.13 (ncRNA), F44E7.5 (PC), 
F44E7.15 (ncRNA)
4.35  --- 4.35 4.60  --- 4.60  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16762 mir-256 n4471 V mec-1 2.40  --- 2.40 4.60  --- 4.60  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT14682 mir-257 n4548 V  --- 2.50  --- 2.50 3.76  --- 3.76  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT15023 mir-268 n4639 V C06H2.10 (ncRNA), glb-3 0.85  --- 0.85 3.04  --- 3.04  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
MT16316 mir-355 n4618 II  --- 0.89  --- 0.89 2.24  --- 2.24  ---  ---  ---  ---  ---  ---  ---  ---  ---  --- 
Secondary screen
0 Gy 60 Gy 0 Gy 60 GyStrain miRNAs analyzed Alleles Other genes affected
Primary screen
Table 2.1 continued, Kamkina et. al.
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Supplemental Figure 2.4, Kamkina et. al.
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mir-242(n4605) and mir-249(n4983) influence germline 
apoptosis in C. elegans 
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A1.1 Additional miRNA mutants that affect germline apoptosis in C. elegans 
In the screen of 55 miRNA mutants (Chapter 2), I have also observed the differences in germline 
apoptosis of mir-242(n4605) and mir-249(n4983) worms compared to the wild type (Table 2.1, 
Appendix Fig. 1.1). Thus, I have decided to examine these miRNAs further. 
A1.1.1 mir-242(n4605) enhances physiological germline apoptosis 
The mir-242(n4605) mutants show increased number of germ cell corpses at the physiological 
conditions (Appendix Fig. 1.1). This apoptotic phenotype was also confirmed in the time-course 
experiment (Appendix Fig. 1.1B). n4605 allele is 949 bp deletion which removes complete 
sequence of mir-242 itself and the last exon of nhr-78 (Appendix Fig. 1.2). Thus, I have 
examined the contribution of nhr-78 to the apoptotic phenotype observed in mir-242(n4605) 
mutants. Upon nhr-78 (RNAi), increased levels of the physiological germline apoptosis were 
detected (Appendix Fig. 1.3A). The apoptotic phenotype of nhr-78 (RNAi) was also confirmed in 
the backcrossed nhr-78(gk827629) mutant (Appendix Fig. 1.3B). Like in mir-242(n4605) deletion 
mutant, levels of the DNA damage-induced germ cell death were not changed in 
nhr-78(gk827629) worms (Appendix Fig. 1.3B). Given the similarity of the apoptotic phenotypes 
observed in mir-242(n4605) and nhr-78(gk827629) mutants, mir-242 was not analyzed further. 
nhr-78, however, might be an interesting candidate for future investigations. 
A1.1.2 mir-249 suppresses DNA damage-induced germ cell death 
mir-249 is another miRNA, perturbation of which mostly affects DNA damage-induced germline 
apoptosis (Appendix Fig. 1.1).  n4983 allele is a 735 bp deletion, which removes complete 
sequence coding for the mature mir-249 (Appendix Fig. 1.2). The increased levels of germ cell 
death following IR were observed in young and older mir-249(n4983) worms, although the 
phenotype was rather weak (Appendix Fig. 1.1B). Interestingly, I have also observed higher 
number of germ cell corpses in older mir-249(n4983) animals at the physiological conditions 
(Appendix Fig. 1.1B). Probably, weak perturbations of the physiological germline apoptosis in 
mir-249(n4983) mutants are amplified with the age of the worm and become even more obvious 
upon extensive DNA damage. To test whether the increased number of germ cell corpses in 
mir-249(n4983) worms following IR was due to the defects in cell death or engulfment, I crossed 
mir-249(n4983) with mutants impaired in one of the two parallel engulfment pathways, i.e. 
ced-1(e1735) and ced-12(k149) (Zhou et al., 2001; Gumienny et al., 2001). No change in somatic 
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cell corpse clearance was observed in ced-1(e1735); mir-249(n4983) and 
ced-12(k149); mir-249(n4983) double mutants (Appendix Fig. 1.4B). By contrast, germline 
apoptosis was slightly increased in both double mutants following IR compared to the 
corresponding ced-1(e1735) and ced-12(k149) single mutants (Appendix Fig. 1.4A). Thus, I 
conclude that mir-249 suppresses physiological and DNA damage-induced germline apoptosis in 
engulfment-independent manner. Because apoptotic phenotype of mir-249(n4983) mutant is 
rather weak, I have decided to follow only mir-52, which was identified as a strong enhancer of 
DNA damage-induced germline apoptosis (Chapter 2). 
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A1.2. Figure Legends 
Appendix Fig. 1.1 Apoptotic defects in mir-242(n4605) and mir-249(n4983) worms. 
A. Germline apoptosis is upregulated in mir-242(n4605) and mir-249(n4983) animals at the 
physiological conditions or following IR, respectively. Young adults were irradiated with 60 Gy 
and analyzed 24h later (n=30 animals/genotype). B. Time-course analysis of germline apoptosis 
in mir-242(n4605) and mir-249(n4983) mutants. Young adults were irradiated, and analyzed at 
the indicated time points post L4/YA molt (n=30 animals/genotype). Solid lines represent the 
data of the untreated worms; dashed lines represent the data of the irradiated worms. Data shown 
are average number of apoptotic cells ± standard deviation (SD) for three replicates. P-values in 
(A) were generated using Benjamini-Hochberg corrected paired t-test, where * represents the 
p-value < 0.05, **- the p-value < 0.01, and ****- the p-value < 0.0001. 
Appendix Fig. 1.2 mir-242 and mir-249 are located on the chromosomes IV and X, 
respectively. 
Appendix Fig. 1.3 nhr-78 impairs physiological germline apoptosis. A. Upon nhr-78 (RNAi), 
increased number of germ cell corpses is observed at the physiological conditions. 
“nhr-78 (RNAi) 1” stands for the RNAi clone from Ahringer library (Kamath and Ahringer, 
2003), “nhr-78 (RNAi) 2” stands for the RNAi clone from ORFeome library (Reboul et al., 
2003). Synchronized L1 worms were fed with ds RNA-expressing bacteria until 24h post L4/YA 
molt as described previously (Kamath et al., 2000), and analyzed for the changes in germ cell 
death. B. Physiological germline apoptosis is also upregulated in nhr-78(gk827926) mutant. Data 
shown are average number of apoptotic cells ± standard deviation (SD) for three replicates. 
P-values were generated using Benjamini-Hochberg corrected paired t-test, where * represents 
the p-value < 0.05, **- the p-value < 0.01, and ***- the p-value < 0.001. 
Appendix Fig. 1.4 Apoptotic cell corpse clearance is not affected in mir-249(n4983) mutants. 
A. Number of germ cell corpses is increased in both ced-1(e1735); mir-249(n4983) and 
ced-12(k149); mir-249(n4983) double mutants following IR. Young adults were irradiated with 
60 Gy and analyzed 12h later (n=30 animals/genotype). B. Somatic cell corpse clearance is not 
affected in mir-249 mutants. Cell corpses were quantified in the head region of freshly hatched 
L1 larvae (n=25 animals/genotype). P-values in (A) were generated using Benjamini-Hochberg 
corrected paired t-test, where * represents the p-value < 0.05. 
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A1.4 Figures
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Upstream regulation of CED-9 during physiological  
germline apoptosis in C. elegans 
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3.1 Introduction 
In C. elegans, the majority of the generated germ cells die during oocyte development, in the 
absence of any obvious external apoptotic stimulus in a process that has been called 
“physiological germ cell death”. egl-1(lf) and ced-9(1950gf) mutations, which prevent most of 
the somatic cell deaths and DNA damage induced germline apoptosis, have little effect on 
physiological germ cell death (Gumienny et al., 1999). According to the current model, cell 
survival is largely regulated by the direct interaction of CED-9 with CED-4 at mitochondria, 
which prevents the auto-catalytic activation of CED-3 (reviewed in Chapter 1). Strikingly, 
CED-4/CED-9 co-localization at mitochondria was not detected in the germline. Instead, 
perinuclear accumulation of CED-4 was found in healthy as well as apoptotic germ cells 
(Pourkarimi et al., 2012). Additionally, a CED-9 protein which is defective in CED-4 binding 
rescues embryonic lethality of ced-9(n2161) mutants (Dreze et al., 2009). Therefore, CED-9 
anti-apoptotic function does not exclusively correlate with CED-4 sequestration in the germline, 
and physiological germline apoptosis is genetically separable from that observed in somatic 
tissue or in response to DNA damage. In order to investigate additional mechanisms which 
trigger physiological germline apoptosis upstream of CED-9, I have established two synthetic 
forward screening strategies that employ tissue-specific apoptotic conditions and n1653 
temperature-sensitive lf allele of ced-9. 
3.1.1 n1653 temperature-sensitive ced-9 loss-of-function allele 
The ced-9(lf) mutants are embryonic lethal due to excessive cell death (Hengartner et al., 1992). 
ced-9(lf) mutants derived from ced-9(lf)/+ heterozygous mothers hatch and grow to normal sizes, 
but lay very few eggs, which barely hatch or are arrested at the L1 stage (Hengartner et al., 1992). 
Thus, genetic analysis using strong lf mutants of ced-9 is relatively difficult. n1653 is a 
hypomorphic temperature-sensitive allele originally isolated in a screen for mutants with absent 
or defective HSNs (Desai and Horvitz, 1989). The n1653 point mutation changes the tyrosine at 
position 149 in the alpha-helical structure α4, near the beginning of the BH1 domain into an 
asparagine (Woo et al., 2003). The Y149 residue is crucial for the proper CED-9 tertiary structure 
formation, and the Y149N (n1653ts) mutation disrupts CED-4/CED-9 interaction (Yan et al., 
2004; Dreze et al., 2009). ced-9(n1653ts) animals show moderately increased levels of apoptosis 
at lower temperatures and become sterile at 25 ˚C (Hengartner et al., 1992; Eberhard, 2012). 
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Interestingly, some of the excessive apoptosis in ced-9(n1653ts) animals is dependent on cep-1 
(Eberhard, 2012). Therefore, n1653ts might be an attractive allele to study additional regulatory 
aspects of germline apoptosis. 
3.1.2 Experimental design of the forward genetic screens 
A n1653 temperature-sensitive suppressor screen has been previously performed in the lab 
(M. O. Hengartner unpublished data). However, only lf mutations in ced-4 and ced-3 were 
isolated. We hypothesized that the strong requirement of CED-9 for somatic tissue survival 
overshadows its function in the germline. I thus decided to uncouple apoptotic conditions in 
somatic tissue and germline of ced-9(n1653ts) mutants, such that excessive cell death only 
happens in the germline. In this screen, restored animal fertility at the restrictive temperature is 
utilized as the selection marker. Two different experimental designs were developed for the 
screen: first set-up is based on the tissue-specific ced-3 (RNAi); second set-up implies 
germline-specific expression of ced-3 translational reporter. 
mut-7(pk204) animals are RNAi-defective in the germline (Ketting et al., 1999). In 
mut-7(pk204) ced-9(n1653ts) double mutants, suppression of apoptosis by ced-3(RNAi) is 
restricted to somatic tissue. In the germline, however, the apoptotic machinery remains active 
causing animal sterility at the restrictive temperature. Following ethyl methane sulfonate (EMS) 
exposure, these worms should become fertile again only in the presence of additional, 
apoptosis-suppressive mutation (Fig. 3.1A).  
Another strategy to overcome strong somatic requirement of CED-9 implies the generation of the 
transgenic line carrying translational reporter of ced-3 driven by the germline-specific promoter 
pie-1 (Ppie-1::ced-3::gfp::ced-3 3’ UTR) in ced-9(n1653ts); ced-3(n717) background. Here, 
ced-3(lf) compensates for the loss of CED-9 in somatic tissue, whereas in the germline, wild-type 
copy of CED-3 causes excessive cell death at the restrictive temperature. After EMS treatment, 
F2 animal carrying a mutation which suppresses germ cell death should produce viable progeny 
(Fig. 3.1B).  
 
 
 
 Chapter 3 
115 
3.2 Results 
3.2.1 Validation of the screening strategy which utilizes tissue-specific ced-3(RNAi) 
Several aspects of the experimental design using mut-7(pk204) ced-9(n1653ts) double mutant and 
ced-3(RNAi) have to be considered. I have examined optimal restrictive temperature conditions 
for mut-7(pk204) ced-9(n1653ts) animals. According to the published data, mut-7(pk204) worms 
are also temperature-sensitive and become sterile at 23 ˚C due to defects in sperm (Ketting et al., 
1999). However, the mut-7(pk204) strain available in our lab becomes sterile only at 25 ˚C 
(Table 3.1). Additionally, viability of the wild-type worms was also partially compromised at 
25 ˚C compared to that at the standard conditions (20 ˚C, Table 3.1). Therefore, I have analyzed 
fertility at a slightly lower temperature, i.e. 24 ˚C (Table 3.1). The wild-type animals had similar 
offspring number at 20 ˚C and 24 ˚C. Next, I checked whether ced-9(n1653ts) mutants remain 
sterile at 24 ˚C. Although the fertility of ced-9(n1653ts) animals was slightly higher at 24 ˚C, total 
offspring number was by far much lower than that in the wildtype. mut-7(pk204) worms also had 
increased numbers of the offspring at 24 ˚C. By contrast, mut-7(pk204) ced-9(n1653ts) double 
mutants remained sterile at 24 ˚C. Of note, the temperature sensitivity of 
mut-7(pk204) ced-9(n1653ts) double mutant at 24 ˚C was stronger than that observed in 
ced-9(n1653) animals. The survival of the worms was comparable, independently of the E. coli 
strains used at the respective temperatures (Table 3.1). Thus, 24 ˚C is the optimal restrictive 
temperature for the screen.  
par-1(RNAi) is an established essay for the RNAi efficacy in the germline (Tijsterman et al., 
2002). ced-9(n1653ts) and wild-type worms were less viable upon par-1(RNAi) at 20 °C and 
24 °C (Table 3.1). As expected, mut-7(pk204) worms and mut-7(pk204) ced-9(n1653ts) double 
mutants were resistant to par-1(RNAi) (Table 3.1). Thus, par-1(RNAi) can be used as a control to 
exclude mutations which would restore RNAi sensitivity in the germline after EMS exposure. 
The efficiency of ced-3(RNAi) is another factor which determines the success of the screening 
strategy using mut-7(pk204) ced-9(n1653ts) worms. I have examined whether ced-9(n1653ts) 
mutants become fertile upon ced-3(RNAi) at 24 ˚C (Table 3.1). Indeed, downregulation of ced-3 
reduced embryonic lethality of ced-9(n1653ts) worms. ced-3(RNAi) in mut-7(pk204) worms and 
mut-7(pk204) ced-9(n1653ts) double mutants was restricted to somatic tissue (Table 3.1). It 
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should be mentioned however, that bacterial contamination of the RNAi plates could strongly 
compromise the screen by diluting the effect of ced-3 downregulation.  
3.2.2 Development of the screening strategy using Ppie-1::ced-3::gfp::ced-3 3’ UTR 
transgene 
It took quite an effort to generate an integrated transgenic line which carries a translational 
reporter of ced-3. The seven bombardments and 308 microinjections of the corresponding vectors 
yielded 17 lines, most of which had Ppie-1::ced-3::gfp::ced-3 3’ UTR transgene as an 
extrachromosomal array (Fig. 3.2). The integrated lines were either silenced or had incorrect 
fragment orientation. Ultimately, two integrated lines could be generated, one of which was 
GFP-positive (opIs535). To my knowledge, it is the only known single-copy caspase transgenic 
line with germline-specific expression in C. elegans.  
In ced-9(n1653ts); ced-3(n717) double mutants carrying this ced-3 reporter, the number of extra 
surviving cells in pharynx was comparable to that in ced-3(n717) worms at 20 ˚C and 24 ˚C 
(M. O. Hengartner personal communication, data not shown), suggesting that, as expected, the 
transgene is not expressed in somatic tissues. Furthermore, GFP fluorescence was observed only 
in adult ced-9(n1653ts); ced-3(n717) germlines (Fig. 3.3). Interestingly, CED-3::GFP showed a 
patchy perinuclear localization pattern in mitotic and meiotic germ cells (Fig. 3.3). Additionally, 
CED-3 was strongly enriched in the nuclei of the maturing oocytes (Fig. 3.3). 
Next, I analyzed the temperature sensitivity of ced-9(n1653ts); ced-3(n717) double mutants 
which carry the opIs535 transgene. ced-3(n717) and ced-9(n1653ts); ced-3(n717) animals were 
fertile at the restrictive temperature (Table 3.2). By contrast, opIs535; ced-9(n1653ts); 
ced-3(n717) worms were sterile at 24 ˚C (Table 3.2). Taken together, my data suggests that a 
screening strategy which implements germline-specific expression of ced-3::gfp transgene would 
be a robust approach to study regulation of physiological germline apoptosis. Therefore, I have 
decided to use this experimental set-up for the screen. 
3.2.3 Forward genetic screen using Ppie-1::ced-3::gfp::ced-3 3’ UTR transgene 
I have performed the screen twice for approximately 44’000 (24’000 and 20’000) haploid 
genomes using opIs535 [Ppie-1::ced-3::gfp::ced-3 3’ UTR]; ced-9(n1653ts); ced-3(n717) strain. 
As was described above, these worms should become fertile again at the restrictive temperature 
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in the presence of additional apoptosis suppressive mutations. The screen was performed 
according to the protocol described previously with minimal adjustments (Fig. 3.4, Brenner, 
1974; Kutscher and Shaham, 2014). In short, EMS-exposed young adults (P0 generation) were 
allowed to recover for four hours on OP50 plates at 15 ˚C. The P0 worms were then transferred 
every eight hours to the fresh OP50 plates for the next two days and kept at 20 ˚C. The screening 
plates were moved to the restrictive temperature (24 ˚C) once worms in the F2 generation reached 
the L4 stage, and examined for restored fertility ten days later.  
Surprisingly, no positive identifications were obtained after EMS treatment. The wild-type 
worms kept at the same restrictive temperature were fertile. I also noticed that some F2 worms 
were uncoordinated (Unc) or had protruding vulva (Pvl) confirming that EMS treatment worked.  
3.2.4 Forward genetic screen using tissue-specific ced-3(RNAi) 
In parallel, I also performed a screen of ~10’000 genomes using mut-7(pk204) ced-9(n1653ts) 
double mutant and ced-3(RNAi). The screen was performed as described above, except that 
ced-3(RNAi) plates were continuously used (Fig. 3.4). Again, although the mutagenesis was also 
successful in this case, I did not find any plates with fertile animals at 24 ˚C.  
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3.3 Discussion 
Mutations in ced-4 and ced-3 have previously been isolated in EMS suppression screens of 
ced-9(n1653ts) animals (M. O. Hengartner unpublished data). Therefore, I certainly expected to 
recover such mutations in my experimental set-ups too. Unfortunately, this was not the case, 
independently of the methodology I have used. Given the presence of Unc and Pvl worms in the 
F2 generation, it is strikingly unusual that no apoptosis-specific perturbations were obtained in 
these screens. There is no obvious explanation for this finding.  
Besides ced-4 and ced-3, additional candidates could have been expected to be identified in my 
screens. ced-9 expression levels might be important to establish the germ cell sensitivity to 
apoptosis. Indeed, EGL-38 and PAX-2, C. elegans homologs of the mammalian Pax2/5/8 
transcription factors (TFs), promote germ cell survival by directly activating the transcription of 
ced-9 (Wang et al., 2004; Park et al., 2006). Conversely, LIN-35, the C. elegans retinoblastoma 
susceptibility protein (Rb) promotes physiological germline apoptosis by repressing ced-9 
expression (Schertel and Conradt, 2007). Moreover, in lin-45(lf); ced-9(n1653ts) double mutants, 
physiological germline apoptosis is reduced at the restrictive temperature. Thus, it is conceivable 
that additional TFs or RBPs might regulate expression of ced-9 during physiological germline 
apoptosis. 
egl-1(lf) mutation suppresses physiological germline apoptosis in ced-9(n1653ts) worms, but not 
in other ced-9(lf) mutants (Gumienny et al., 1999; Eberhard, 2012). I assume that in strong 
ced-9(lf) mutants, CED-9 cannot bind to CED-4 independently of its interaction with EGL-1. In 
ced-9(n1653ts) worms, however, weak interaction between CED-9 and CED-4 might be 
sufficient to prevent germ cell death in egl-1(lf) mutants. Therefore, I also expected to identify 
additional mutations which enhance CED-4/CED-9 interaction in my screens.  
The C. elegans germline is a highly proliferative tissue. In older women, accumulation of meiotic 
errors leads to impaired chromosome segregation in maturing oocytes with subsequent maternal 
infertility or chromosomal abnormalities in offspring (Djahanbakhch et al., 2007). In C. elegans, 
the unsynapsed chromosomes or mistakes in DNA repair trigger excessive germline apoptosis 
(Boulton et al., 2004; Bhalla and Dernburg, 2005). Germ cells that undergo apoptosis under the 
physiological conditions might be also genetically compromised due to their high proliferative 
rate. Indeed, several genome integrity checkpoint genes are involved in the regulation of DNA 
damage-induced germline apoptosis (reviewed in 1.3.3.1). However, germ cell specification for 
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apoptosis might also be a result of pleiotropic germ cell defects, because ced-9(1950gf) and 
egl-1(lf) mutations, which prevent germline apoptosis in response to DNA damage, do not reduce 
the quality of the maturing oocytes under the physiological conditions (Andux and Ellis, 2008).  
Due to the lack of germ cell apoptosis, ced-4(lf) and ced-3(lf) mutants have increased number of 
total germ cells, which is however accompanied by a reduction in size and quality of oocytes 
resulting in a higher incidence of dead eggs compared to wild-type worms (Andux and Ellis, 
2008). I suspect that a certain nutrients threshold might be required to keep oocytes alive and 
generate healthy offspring. Hence, germline apoptosis might be used to reduce nutrients 
competition between supernumerary germ cells (Andux and Ellis, 2008). The insulin signaling 
pathway might be a good candidate to monitor nutrient availability in the germline. In fact, 
insulin-like receptor DAF-2 was shown to promote DNA damage-induced apoptosis 
independently of its function in dauer formation through Ras/MAPK signaling (Perrin et al., 
2013).  
Importantly, genes which regulate germline apoptosis upstream of CED-9 may also play a role in 
animal development or contribute to oocyte fertilization. Thus, their mutation would promote 
embryonic survival or increase oocyte fertilization rates. Lastly, false positives, for example 
mutations that silence transgene expression in the germline or restore RNAi sensitivity in the 
germline should also have been picked up in the screens.  
I am convinced that further variation on the experimental conditions would optimize the 
screening strategies described above for their successful implementation in the analysis of CED-9 
upstream regulation during physiological germline apoptosis in C. elegans.  
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3.4 Figure Legends 
Fig. 3.1 Overview of the screening strategies which imply different apoptotic conditions in 
somatic tissue and germ line. A. In mut-7(pk204) ced-9(n1653ts) animals, ced-3(RNAi) reduces 
somatic cell death. In the germ line, by contrast, the apoptotic machinery remains active because 
of the mut-7 mutation and causes animal sterility at the restrictive temperature. Following EMS 
exposure, F2 animals carrying a mutation which reduces germ cell death become fertile again. B. 
In ced-9(n1653ts); ced-3(n717) double mutants, somatic cell death is prevented by ced-3(lf) 
allele. In the germline, CED-3 expression from the Ppie-1::ced-3::gfp::ced-3 3’ UTR transgene 
allows excessive apoptosis. After EMS, a homozygous mutation which suppresses germ cell 
death restores animal fertility at the restrictive temperature. 
Fig. 3.2 Structure of opIs535 [Ppie-1::ced-3::gfp::ced-3 3’ UTR] transgene. The depicted 
fragment was inserted either in pCG150 vector used for bombardment or in pCFJ150 vector used 
for MosSCI microinjection. 
Fig. 3.3 DIC and fluorescence photomicrographs of ced-9(n1653ts); ced-3(n717) animals 
which carry opIs535 [Ppie-1::ced-3::gfp::ced-3 3’ UTR] transgene. Adult worms, L3 larva and 
44-100 cell embryos are represented. Scale bar - 10µm. 
Fig. 3.4 Workflow of the EMS screens. EMS-exposed young adults (P0 generation) were 
allowed to recover for 4h on OP50 plates at 15 ˚C. The P0 worms were then transferred every 8h 
to the fresh OP50 plates (d=150mm) for the next two days and kept at 20 ˚C. Plates were moved 
to the restrictive temperature (24 ˚C) once worms in the F2 generation reached the L4 stage. 
Animals fertility was examined after ten days. For mut-7(pk204) ced-9(n1653ts) double mutants, 
ced-3(RNAi) plates (d=150mm) were used instead. 
Table 3.1 Temperature optimization for the screening strategy which utilizes tissue-specific 
ced-3(RNAi). Ten L4 worms were transferred to the corresponding RNAi or OP50 NGM plates, 
grown at the represented temperatures and number of worms per plate was quantified ten days 
later. unc-22(RNAi) was used as positive control. “EV” stands for empty L4440 vector. 
Table 3.2 Temperature optimization for the screening strategy using germline-specific 
expression of a ced-3::gfp transgene. Ten L4 worms were transferred to an OP50 NGM plate, 
grown at the represented temperatures and the number of worms per plate was quantified ten days 
later.  
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3.6 Figures and Tables 
Figure 3.1 
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Figure 3.2 
 
 
 
   
Ppie-1, Chr. III: [12’425’789 ... 12’426’893] GFP
ced-3, Chr. IV: [13’199’233 ... 13’204’066] ced-3 3’UTR, Chr. IV: [13’199’233 ... 13’204’066]
2’000 bp
42 bp linker
attB4 attB1 attB2 attB3
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Figure 3.3 
  
A
d
u
lt
 
t 
L
3
 l
a
rv
a
 
la
rv
a
 
4
4
-1
0
0
 c
e
ll 
e
m
b
ry
o
 
e
m
b
ry
o
 
DIC GFP 
A
d
u
lt
L
3
 l
a
rv
a
4
4
-1
0
0
 c
e
ll 
e
m
b
ry
o
I G
 Chapter 3 
126 
Figure 3.4 
  
Total of 30 - 40 
… 
10 P
0 
adultes/plate 
transfer P
0 
to new plates every 8h for 2 days 
transfer to 24 ˚C 
~ 35 F1 eggs 
~ 35 F1 adults 
F2 eggs 
F2 L4s 
select the plates full of viable worms 
F1 at 20 ˚C 
F2 (until L4 stage) 
at 20 ˚C 
… 
at “0” time point 
50mM EMS 
4h 
… 
4h recovery at 15 ˚C 
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Table 3.1 
 
 
  
N2 ced-9(n1653ts) mut-7(pk204)
mut-7(pk204) 
ced-9(n1653ts)
OP50 ~ 4'880 ~ 2'020 ~ 3'040 ~ 1'340
HT115 (DE3): EV ~ 4'720 ~ 2'380 ~ 2'800 ~ 1'560
unc-22(RNAi) ~ 1'200, Unc ~ 1'960, Unc ~ 2'000, Unc ~ 1'250, Unc
par-1(RNAi) 88 30 ~ 2'440 ~ 1'160
ced-3(RNAi) ~ 4'800 ~ 3'640 ~ 3'120 ~ 1'010
OP50 ~ 4'000 23 ~ 320 5
HT115 (DE3): EV ~4'000 13 ~ 220 5
unc-22(RNAi) ~ 3500, Unc 12, Unc ~ 260, Unc 3, Unc
par-1(RNAi) 16 1 ~ 250 4
ced-3(RNAi) ~ 4'000 ~ 880 ~ 280 3
OP50 ~ 1'600 1 0 0
HT115 (DE3): EV ~ 1'000 0 0 0
unc-22(RNAi) ~ 1'450, Unc 0 0 0
par-1(RNAi) 0 0 0 0
ced-3(RNAi) ~ 1'200 90 0 0
Treatment
# of worms
25
24
20
t ˚C
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Table 3.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
20 24
N2 ~ 5'200 ~ 4'350
ced-9(n1653ts) ~ 2'700 18
ced-3(n717) ~ 5'500 ~ 4'000
ced-9(n1653ts); ced-3(n717) ~ 4'000 ~ 3'620
Ppie-1::ced-3::gfp::ced-3 3’ UTR; 
ced-9(n1653ts); ced-3(n717)
~ 3'000 23
Genotype
t ˚C / # of worms
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A2.1 Preface 
In this section, I would like to present two side projects which were dealing with the effect of 
natural variation on gene expression. In the first project, the quantitative proteome and 
transcriptome comparison of the two highly divergent C. elegans wild-type strains, Bristol (N2) 
and Hawaii (CB4856) was performed. I was responsible for all the work related to proteomics in 
this manuscript. I have quantified the proteomes of N2 and CB4856 using a mass spectrometric 
approach called “stable isotope labeling by amino acids in cell culture” (SILAC). Jonas 
Grossmann performed the correction of the mass spectrometric data to account for 
arginine-to-proline conversion. Of the total 3’238 quantified proteins, 129 (5.2%) proteins were 
significantly differentially expressed between the two wild-type strains. The differentially 
expressed proteins were enriched for the genes that function in insulin-signaling and 
stress-response pathways. The quantitative transcriptome comparison was performed by Basten 
Snoek. Of all the genes, 1’532 genes (7.4%) were differentially expressed at the mRNA level. 
The differentially expressed genes were also strongly enriched in expression quantitative trait loci 
(eQTLs) associated with aging. Additionally, we observed that the protein abundance of the two 
wild-type strains correlated more strongly than the protein abundance vs transcript abundance 
within each wild type. Our results suggest that at least a subset of our differentially expressed 
genes might contribute to the longevity differences of N2 and CB4856. This study was recently 
published in the MCP journal (Kamkina et al., Molecular and Cellular Proteomics 2016 15: 1670-
1680) under the title “Natural genetic variation differentially affects the proteome and 
transcriptome in C. elegans”. 
In the second project, the impact of natural genetic variation on cancer progression was analyzed 
using recombinant inbred lines (RILs) of N2 and CB4856. In particularly, expression of the 44 
genes involved in four cancer signaling pathways (RAS/MAPK, Notch, Wnt signaling and 
apoptosis) was quantified using another mass spectrometric approach called “selected reaction 
monitoring” (SRM) and microarrays in four RILs and parental strains. I was heavily involved in 
the initial phase of the SRM method development. To identify and quantify targeted proteins of 
interest, I have selected three-to-five signature proteotypic peptides (PTPs) with the best mass 
spectrometric responses. I have also generated the signature spectral library and identified the 
elution/retention times of the selected PTPs. Finally, I have developed the offline reversed 
phase-high pressure liquid chromatography (RP-HPLC) peptide fractionation protocol for total 
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worm protein extracts. We found that quantified proteins tend to be upregulated in CB4856 and 
RILs relative to N2. Additionally, we detected a distant protein QTL on the left arm of 
chromosome II that affected protein abundance of the phosphatidylserine receptor protein PSR-1, 
and two separate QTLs on chromosome IV that influenced developmental apoptosis and DNA 
damage-induced germ cell death. This study was also recently published in the PLOS ONE 
journal (Singh et al., PLOS ONE 11: e0149418) under the title “Natural genetic variation 
influences protein abundances in C. elegans developmental signalling pathways”. Both projects 
were supported by European Community Health Seventh Framework Programme FP7/2007-2013 
under Grant PANACEA 222936, the Swiss National Science Foundation, and the Kanton of 
Zurich.  
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A2.2 Reprint of the research article Kamkina et al., 2016 
This section contains a reprint of the research article entitled “Natural genetic variation 
differentially affects the proteome and transcriptome in C. elegans” published in Molecular and 
Cellular Proteomics journal on March 4, 2016 (volume 15, issue 5, pages: 1670-1680). The 
supplemental materials and tables are available at the online version of the research article under: 
http://www.mcponline.org/content/15/5/1670/suppl/DC1 
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A2.3 Reprint of the research article Singh et al., 2016 
This section contains reprint of the research article entitled “Natural genetic variation influences 
protein abundances in C. elegans developmental signalling pathways” published in PLOS ONE 
journal on March 17, 2016 (volume 11, issue 3, e0149418). The supplemental materials are 
available at the online version of the research article under: 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0149418#sec023 
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